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Abstract 

The mammalian leucine-rich repeats and immunoglobulin-like domains (LRIG) 

gene family consists of three different members, LRIG1, LRIG2, and LRIG3. 

These genes are expressed in all human and mouse tissues analyzed to date. All 

LRIG proteins share similar and evolutionary conserved structural domains 

including a leucine-rich repeat domain, three immunoglobulin-like domains, a 

transmembrane domain, and a cytosolic tail. Since the discovery of this family, 

around 20 years ago, various research groups have shown the importance of this 

family in cancer biology and prognosis. The aim of this thesis was to further 

investigate the role of LRIG1 and LRIG2 in cancer.  

To investigate the roles of LRIG1 and LRIG2 in physiology and gliomagenesis, 

we generated Lrig1- and Lrig2-deficient mice and induced platelet-derived 

growth factor B (PDGFB)-driven gliomagenesis. We studied the effects of Lrig2 

ablation on mouse development and survival and investigated if the ablation of 

Lrig1 or Lrig2 affects the incidence or malignancy of induced gliomas. We also 

investigated if Lrig2 ablation affects Pdgfr signaling in mouse embryonic 

fibroblasts (MEFs). Additionally, we analyzed the effects of ectopic LRIG1 

expression in human primary glioblastoma cell lines TB101 and TB107, in vivo 

and in vitro. We reported no macroscopic anatomical defect but reduced growth 

and increased spontaneous mortality rate in Lrig2-deficient mice. However, the 

Lrig2-deficient mice were protected against the induced gliomagenesis. Lrig2-

deficient MEFs showed faster kinetics of induction of immediate-early genes in 

response to PDGFB stimulation, whereas the phosphorylations of Pdgfra, 

Pdgfrb, Erk1/2, and Akt1 appeared unaltered. Lrig1-heterozygote mice showed a 

higher incidence of high-grade tumors (grade IV) compared to wildtype mice, 

demonstrating a haploinsufficient function of Lrig1. LRIG1 overexpression 

suppressed TB107 cell invasion in vivo and in vitro, which was partially 

mediated through the suppression of the MET receptor tyrosine kinase. 

To identify LRIG1-interacting proteins, we used the yeast-two hybrid system 

and data-mined the Bio-Plex network of high throughput protein-protein 
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interaction database. To study the function of interactors, we used a triple co-

transfection system to overexpress LRIG1 and PDGFRA and downregulate 

endogenous levels of interactors by short hairpin RNAs (shRNAs), 

simultaneously. This analysis demonstrated that CNPY3, CNPY4, GAL3ST1, 

GML, HLA-DRA, LRIG2, LRIG3, LRRC40, PON2, RAB4A, and ZBTB16 were 

important for the PDGFRA-downregulating function of LRIG1.  

To investigate the clinical significance of LRIG1 copy number alterations (CNAs) 

in breast cancer, we used droplet digital PCR (ddPCR) to analyze 423 breast 

cancer tumors. We found that LRIG1 CNAs were significantly different in 

steroid-receptor-positive vs steroid-receptor-negative tumors and in ERBB2-

amplified vs ERBB2-non-amplified tumors. In the whole cohort, patients with 

LRIG1 loss or gain had a worse metastasis-free survival than patients with 

normal LRIG1 copy numbers, however, among the early-stage breast cancer 

subgroup, this difference was not significant.   

In summary, Lrig1 behaved like a haploinsufficient tumor suppressor gene in 

malignant glioma, whereas Lrig2 appeared to promote malignant glioma. Our 

functional analysis of LRIG1 interactome uncovered several unanticipated and 

novel proteins that might be important for the regulation of receptor tyrosine 

kinases by LRIG1. LRIG1 CNAs predicted metastasis-free survival time in breast 

cancer. Hopefully, our findings might lead to a better understanding of the 

regulation of growth factor signaling and its importance in cancer biology and 

prognosis. 
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Introduction  

1. Receptor tyrosine kinases (RTKs)  

The tyrosine kinase superfamily consists of cytoplasmic protein tyrosine kinases 

and receptor tyrosine kinases (RTKs). RTKs are transmembrane proteins with 

an extracellular domain that binds to ligands, a transmembrane domain, and an 

intracellular region that has a highly conserved kinase domain (Yarden and 

Ullrich, 1988). RTKs are found in metazoans with wide expression in different 

tissues (Grassot et al., 2003). They have very critical roles in cell biology. They 

regulate homeostasis by controlling various cellular processes like proliferation, 

differentiation, migration, metabolism, adhesion, communication, etc. There 

are 90 tyrosine kinase genes in the human genome of which 58 are RTKs, which 

are categorized into 20 subfamilies (Robinson et al., 2000). Figure 1 shows the 

RTK subfamilies with their members (Blume-Jensen and Hunter, 2001). In this 

thesis, three well-studied RTKs were of particular interest, namely platelet-

derived growth factor (PDGF) receptor (PDGFR), epidermal growth factor 

(EGF) receptor (EGFR), and mesenchymal-epithelial transition receptor (MET).  

1.1. PDGFRs 

PDGFs were discovered as serum growth factors needed for the survival of 

fibroblasts, smooth muscle cells, and glia cells (Kohler and Lipton, 1974; Ross et 

al., 1974; Westermark and Wasteson, 1976). Some functions of PDGFs signaling 

pathway are highly conserved during evolution from worms to human with 

important roles in development. In mammals, PDGFs play critical roles in the 

development of oligodendrocytes, neural cells in the central nervous system 

(CNS), vascular smooth muscle cells, pericytes, kidney, and lung. Moreover, 

they are involved in the regulation of proliferation, migration, and tissue 

remodeling in neural crest cells (Hoch and Soriano, 2003; Noskovicova et al., 

2015) and wound healing (Heldin and Westermark, 1999). The expression 

patterns of PDGFs and their receptors are regulated during development. 

However, deletion of either PDGFRA or PDGFRB receptor in mice is lethal 
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(Tallquist and Kazlauskas, 2004). PDGFRA is highly expressed in mesenchymal 

progenitors of lung, skin, and intestine and also progenitors of 

oligodendrocytes. PDGFRB is highly expressed in mesenchymal cells like 

vascular smooth muscle cells and pericytes (Andrae et al., 2008). 

 

 

1.1.1. Role of PDGFRs in cancer 

Most RTKs behave like proto-oncogenes that are necessary for normal cell 

behavior but when deregulated may convert to dominant oncogenes (Holbro et 

al., 2003). The mechanisms of deregulation are different and include 

mechanisms that occur at the deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA), and protein levels. Somatic gain-of-function mutations frequently 

happen in human cancer. Chromosomal rearrangements can generate fusion 

genes that juxtapose RTKs catalytic domain next to another protein segment 

that has a dimerization function. Another mechanism that causes RTK 

signaliing deregulation is the upregulation of RTKs expression. RTKs may 

become overexpressed by gene amplifications, increased transcription by other 

Figure 1. Receptor tyrosine kinase family (Blume-Jensen and Hunter, 2001; used with permission 

from Nature, Springer Nature).  
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means, or a reduced protein degradation rate (Blume-Jensen and Hunter, 

2001).  

Mutations in PDGFs or the PDGFRs are relatively common in different cancer 

types, including lung cancer (10-20%), bladder cancer (15-20%), malignant 

melanoma (10-30%), glioblastoma (GBM) (15-20%), prostate cancer (20%), 

ovarian cancer (10-20%), and colorectal cancer (10-15%). In GBM and lung 

cancer, most mutations are detected in PDGFRA (Farooqi and Siddik, 2015). 

Activating point mutations in the kinase domain of PDGFRA are reported in 

some of gastrointestinal stromal tumors. In addition to mutations, PDGFRA 

gene is amplified in some cancers such as GBM, anaplastic oligodendroglioma, 

esophageal squamous cell carcinoma, etc. Autocrine PDGF stimulation is 

common in human GBM, osteosarcoma, and other tumor types. In addition to 

the autocrine mechanism, PDGF can induce neighboring cells by the paracrine 

mechanism. Tumor-produced PDGF stimulates endothelial cells to produce 

more vessels. PDGF signaling stimulates neural stem cells to divide and trigger 

carcinogenesis (Heldin, 2012). Intriguingly, epithelial cells do not express 

PDGFs and PDGFRs normally, however, during the epithelial-mesenchymal 

transition, expression of PDGF and PDGFR is induced. Ectopic expression of 

PDGFB in neural progenitor cells or astrocytes in the mouse brain results in the 

development of glioma (Dai et al., 2001). PDGFRA and PDGFRB are associated 

with aggressiveness in different tumors. Thus, elevated PDGFB expression 

levels in experimental glioma yields more aggressive tumors (Shih et al., 2004). 

Several studies have demonstrated that highly active PDGF signaling promotes 

proliferation, survival, and invasion of tumor cells and remodeling of the stroma 

to worsen the carcinogenesis (Pietras et al., 2003).  

1.1.2. PDGFR signaling pathways 

All PDGFs are expressed as dimers composed of two polypeptide chains that are 

attached to each other by disulfide bonds. In mammals, there are four PDGF 

chains (A, B, C, and D) and different dimers have been shown to be expressed 

(AA, BB, CC, DD, and AB) (Fredriksson and Eriksson, 2004). These ligands 
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bind to two different receptors, PDGFRA and PDGFRB, which structurally are 

similar (Claesson-Welsh, 1988). After ligand binding, the receptors dimerize 

and autophosphorylate each other in trans on specific tyrosine residues, which 

results in a conformational change (Kazlauskas and Cooper, 1989). The ligand-

receptor complex is internalized via clathrin-coated pits into the endosomes 

(Wang et al., 2004). The catalytically active receptors phosphorylate different 

intracellular substrates. Moreover, phosphorylated tyrosines provide docking 

sites for signal transduction proteins with enzymatic activities as well as various 

adaptor proteins. Many of the docking proteins have a Src homology-2 domain 

that binds to specific phosphorylated tyrosines (Heldin and Westermark, 1999). 

Signaling proteins like v-Src avian sarcoma viral oncogene homolog (SRC), 

growth factor receptor-bound protein-2 (GRB-2), phospholipase C-  non-

receptor type-11 protein tyrosine phosphatase are activated downstream of 

PDGFR (Valgeirsdottir et al., 1995). PDGFRA, PDGFRB, and PDGFRA/B 

activate many shared signaling pathways. However, it was shown that there are 

some pathways that are differentially regulated by PDGFRA and PDGFRB, for 

example, nuclear factor kappa B and interleukin-6 pathways by PDGFRA/B, 

steroid hormone synthesis by PDGFRA, and angiogenesis or EGFR signaling 

pathways by PDGFRB (Wu et al., 2008). Figure 2 shows a published summary 

of PDGFRA signaling pathways (Corless et al., 2011).  

1.1.3. Negative regulation of PDGFRs 

Negative regulation of RTK signaling can be achieved through different 

mechanisms, including: (1) prevention of ligand binding to the receptor, (2) 

inhibition of RTK autophosphorylation, and (3) activation of negative regulators 

that reduce the signaling output (Ledda and Paratcha, 2007).  

The PDGFR signaling pathways, like other RTK pathways, have to be tightly 

regulated to avoid oncogenic signaling leading to carcinogenesis and 

abnormalities in development (Andrae et al., 2008). Receptor endocytosis is a 
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major negative regulatory feedback mechanism that can terminate signaling. 

Casitas b-cell lymphoma (CBL) family of E3 ubiquitin ligases ubiquitinates the 

receptor-ligand-adaptor complex, thereby labeling them for degradation in 

lysosomes or proteasomes (Miyake et al., 1999). Non-receptor type-11 protein 

tyrosine phosphatase (Lechleider et al., 1993), and non-receptor type-2 protein 

tyrosine phosphatase (Karlsson et al., 2006) negatively regulates PDGFRs by 

de-phosphorylating receptors and substrates. PDGFRB but not PDGFRA was 

shown to be negatively regulated by v-Myc avian myelocytomatosis viral 

oncogene homolog (MYC) in a negative feedback loop (Oster et al., 2000). The 

exact mechanism of this regulation is not clear. However, MYC might have a 

direct effect on the PDGFRB promoter through enhancer elements. The 

PDGFRB promoter has different binding sites for various transcription factors 

like GATA binding protein-1, serum response factor, v-Jun avian sarcoma virus 

17 oncogene homolog (JUN), and neurofibromin 1. Thus, the differential 

regulation of PDGFRB in contrast to PDGFRA, might be related to these 

transcription factors that specifically target PDGFRB gene. Rat sarcoma viral 

oncogene homolog (RAS)- GTPase activating protein binds to activated 

Figure 2. PDGFRA oncogenic signaling pathways (Corless et al., 2011; used with permission from 

Nature Reviews Cancer, Springer Nature).  
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PDGFRB and negatively regulates the signaling by hydrolyzing guanosine 

triphosphate (GTP) bound to RAS, thereby converting activated RAS-GTP to its 

inactive RAS-guanosine diphosphate form (Fantl et al., 1992). However, RAS- 

GTPase activating protein does not bind to PDGFRA and thus, the signaling 

pathways downstream of RAS, like extracellular signal-regulated kinase (ERK), 

may remain activated for longer after activation by PDGFRA than after 

activation by PDGFRB (Jurek et al., 2011). In mouse embryonic fibroblasts 

(MEFs), PDGFRs are downregulated by the mechanistic target of rapamycin 

kinase signaling pathway through a negative feedback loop. Intriguingly, a 

cellular peroxidase, peroxiredoxin type II also downregulates PDGFR pathways 

through a negative feedback loop involving the inhibition of protein tyrosine 

phosphatase inactivation (Choi et al., 2005). In cardiomyocytes, PDGFRB 

expression is regulated negatively by microRNA (miRNA)-9 in a negative 

feedback loop (Zhang et al., 2011). 

1.2. EGFR family 

EGFR belongs to erythroblastic oncogene B (ERBB) family. This family 

comprises EGFR, ERBB2, ERBB3, and ERBB4 (Grant et al., 2002). 

1.2.1. Role of EGFR family in cancer  

The EGFR family members play decisive roles in many different types of cancer. 

The amplifications or mutations of EGFR are very common in GBMs and these 

alterations promote cancer cell growth and survival (Cloughesy et al., 2014). 

One of the well-known mutations in EGFR is type III EGFR deletion mutant 

(EGFRvIII) found in many different types of cancer like brain, lung, prostate, 

ovary, non-small cell lung cancer, etc (Moscatello et al., 1995; Okamoto et al., 

2003). EGFRvIII promotes cancer cell growth, invasion, and angiogenesis 

(Grandis and Sok, 2004). This EGFR mutant has a deletion in the extracellular 

part (in-frame deletion of exons 2-7) that is necessary for ligand binding. Thus, 

EGFRvIII is constitutively active without ligand binding (Damstrup et al., 

2002). Intriguingly, EGFRvIII is able to dimerize with both EGFR and ERBB2 

(Luwor et al., 2004; Tang et al., 2000). It was shown that EGFRvIII promotes 
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GBMs through enhancer landscape modulation (Liu et al., 2015). Another well-

known EGFR point mutation that occurs in the tyrosine kinase domain is exon 

21 codon 858 substitution, L858R. This mutation is frequently seen in lung 

adenocarcinoma patients and responds to EGFR inhibitors like gefitinib and 

erlotinib (Lynch et al., 2004). This mutation confers the EGFR an oncogenic 

potential by activating the downstream signaling pathways and antiapoptotic 

mechanisms (Sordella et al., 2004). Generally speaking, most oncogenic RTKs 

like EGFR have strong prognostic indications in different types of human 

cancers. They are significantly associated with poor survival of cancer patients 

(Nicholson, et al., 2001). EGFR and ERBB2 are good examples of RTKs that 

often are amplified in different types of cancers (Blume-Jensen and Hunter, 

2001). ERBB2 is amplified in many different types of cancer with different 

degrees of heterogeneity (Grob et al., 2012). DNA amplification is the main 

mechanism of ERBB2 overexpression that can be detected, for example, in 

approximately 20% of breast cancers. High expression of this receptor is 

correlated with poor prognosis and treatment resistance (Moasser, 2007). The 

synergistic cooperation between ERBB2 and ERBB3 has been reported in 

human breast cancer (Siegel et al., 1999).   

1.2.2. EGFR family signaling pathways 

Three layers of diversity generation can be defined in the ERBB signaling 

network (Figure 3): (1) input layer, (2) signal-processing layer, and (3) output 

layer.  

In the input layer, different ligands, including TGF- -

cellulin, amphiregulin, etc bind to ERBB family receptors. Ligand binding 

induces a conformational change in EGFR, ERBB3, or ERBB4, to a dimerization 

competent state. ERBB2 lacks a physiological ligand and is always dimerization 

competent. Dimerization competent receptors dimerize, leading to the 

phosphorylation of tyrosine residues located in the kinase domain.  

In the signal-processing layer, various adaptor proteins or enzymes such as 

SRC, CBL, phospholipase C- , non-receptor type-11 protein tyrosine 
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phosphatase, GTPase activating protein, GRB2, GRB7, etc are recruited and 

activated. GRB2 can recruit different proteins to branch off the signaling 

pathway. If CBL is recruited, the ligand-EGFR complex is ubiquitinated and 

sorted to the endosomes while if sun of sevenless is recruited, RAS pathway is 

activated and branches into phosphatidylinositol 3-kinase (PI3K) or mitogen-

activated protein kinase (MAPK) pathways. Endosomes might recycle EGFR 

back to the cell membrane or for degradation in the lysosome. Downstream 

cascades such as Ak strain transforming protein (AKT), MAPK, or Jun N-

terminal kinase pathways activate various transcription factors like MYC, FBJ 

murine osteosarcoma viral oncogene homolog (FOS), JUN, etc in the nucleus.  

Finally, in the output layer, different cell processes such as growth, apoptosis, 

migration, adhesion, and differentiation are activated (Yarden and Sliwkowski, 

2001).  

 

 

Figure 3. ERBB signaling network (Yarden and Sliwkowski, 2001; used with permission from 

Nature Reviews, Molecular Cell Biology, Springer Nature). 
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1.2.3. Negative regulation of EGFR family  

RTK feedback regulation has been studied thoroughly in the context of ERBB 

family signaling pathways. This feedback regulation often takes the form of 

regulatory feedback loops. Both positive and negative feedback loops have been 

described. In a feedback loop, a protein, A, activates another downstream 

protein, B, either at the protein or transcription level. Then, protein B regulates 

protein A positively or negatively (Avraham and Yarden, 2011).  

In ERBB family signaling pathways, regulatory mechanisms are active at all 

three layers of signaling network described in Figure 3.  

In the input layer where the ligands act, for example, steroid hormone receptor 

activates the transcription of ERBB ligand genes. At the cell surface, one type of 

EGFR ligand, the heparin-binding EGF-like growth factor is cleaved by matrix 

metallopeptidases that are activated by G-protein-coupled receptors. How 

specific ligands are regulated in various contexts are highly complex processes 

that need to be investigated further. The identity of the ligand and receptor (or 

heterodimer receptors) determine the specificity and strength of intracellular 

signals. ERBB2-ERBB3 heterodimer has the highest mitogenic and 

transforming capacity compared to other receptor dimers. The main process to 

turn off the signaling pathway is related to ligand-mediated receptor 

endocytosis which acts as a negative feedback loop regulator. However, the 

signaling is not turned off immediately after endocytosis, as still, the receptor 

remains active to some extent in the intracellular vesicles.  

In the signal-processing layer, there are different ways of signaling regulation. 

For example, EGFR is not necessarily only activated by its own ligands; EGFR 

can also be phosphorylated by Janus kinase, which in turn is activated by 

cytokine receptors. Protein kinase C, another EGFR downstream protein might 

not be triggered directly by EGFR ligands-receptor complex, instead, for 

example, PDGF activates protein kinase C and increases threonine and serine 

phosphorylation of EGFR which in turn compromises tyrosine phosphorylation. 

In this context, interestingly, PDGF negatively regulates EGFR pathway. Similar 
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to PDGFRs, EGFR is negatively regulated by the E3 ubiquitin ligase CBL in a 

negative feedback loop. Thus, activated EGFR signaling triggers CBL activation, 

which tags the receptor for degradation. The tyrosine phosphorylations can be 

also regulated in a negative feedback loop by protein tyrosine-specific 

phosphatases (PTPs) like DEP1. There are various PTPs with important 

functions in the negative regulation of EGFR endocytic pathway like PTP1B, 

non-receptor type-2 PTP, non-receptor type-21 PTP, receptor type-K PTP 

(PTPRK), etc. Interestingly, PTPRK was discovered to be one of the LRIG1-

interacting proteins (Huttlin et al., 2015 and 2017). In contrast to the ubiquitin 

ligase CBL which tags the EGFR for degradation in lysosomes, deubiquitinating 

enzymes promote the targeting of the EGFR to the recycling pathway. Also 

downstream of EGFR activation, negative feedback loops are prominent. RAS 

activated v-Raf murine leukemia viral oncogene homolog (RAF) kinase, for 

example, is regulated by its downstream effector, ERK through a negative 

feedback loop. AKT, which also is activated by RAS, also negatively regulates 

RAF. Intriguingly, miRNAs are also involved in EGFR signaling pathway 

regulation. For example, the immediate early genes expression is suppressed by 

immediately downregulated microRNAs such as miR-101 and miR-191. Upon 

EGF induction, the expression of immediately downregulated microRNAs is 

downregulated to increase the expression of immediate early genes such as FOS, 

JUN, and early growth response 1 . Thus, EGFR regulation can be divided into 

early and late loops. In the early phase, receptor endocytosis or phosphorylation 

of regulatory proteins play important roles, whereas in the late phase, EGF-

induced transcription of new genes occurs. Some of these newly expressed 

proteins regulate EGFR pathway by a feedback loop (Yarden and Sliwkowski, 

2001; Avraham and Yarden, 2011).  

Accordingly, negative regulators of EGFR signaling pathways can be divided 

into early and late regulators. As examples, E-cadherin, and decorin are early-

regulators but mitogen-inducible gene 6 (MIG-6), and sprouty are late-

regulators. E-cadherin binds to EGFR by its extracellular domain and decreases 

ligand binding to EGFR by decreasing the receptor mobility at the cell surface. 

Decorin affects EGFR internalization and degradation mainly through a 
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caveolar-mediated pathway that is a clathrin-independent pathway. Also, 

soluble decorin inhibits EGF-mediated EGFR dimerization. MIG-6 binds to 

EGFR intracellular domain and prevents autophosphorylation of EGFR. 

Sprouty gene is induced by RAS/ERK pathway and the newly expressed sprouty 

protein downregulates specifically RAS pathway by a negative feedback loop. 

Sprouty interacts with CBL and targets EGFR for ubiquitination and subsequent 

degradation. However, the negative regulatory of sprouty is controversial 

(Ledda and Paratcha, 2007). LRIG1 was shown to behave as a late-regulator of 

EGFR, at least, in some contexts (Gur et al., 2004).  

1.3. MET 

MET receptor physiologically plays important roles in survival, growth, and 

migration in different cell and tissue types (Gherardi et al., 2012). 

1.3.1. Role of MET in cancer 

Aberrant MET activation occurs in many different tumor types. Moreover, 

stromal cells overexpress the MET ligand hepatocyte growth factor, thereby 

sending a tumorigenic message to neighboring cancer cells. Thus, cancer cells 

hijack MET for their own invasion and metastasis, a process that physiologically 

happens during embryogenesis. Various aspects of epithelial-mesenchymal 

transition (EMT), including remote metastasis, migration, and invasion of 

cancer cells are all related to MET signaling. E-cadherin and integrin proteins 

are well-known targets in MET downstream signaling and both have critical 

roles in the EMT process and tumorigenesis (Gherardi et al., 2012). As 

metastasis has a major 

generally associated with poor prognosis in cancer (Birchmeier et al., 2003). 

1.3.2. MET signaling pathways 

MET signaling pathways are largely similar to the PDGFR and EGFR signaling 

pathways described in previous sections (Trusolino et al., 2010), and are not 

further discussed, here. 
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1.3.3. Negative regulation of MET 

Regarding negative regulation of MET, receptor internalization and degradation 

in the lysosome or proteasome constitute a major negative feedback loop as 

described for EGFR, above. Also, many of negative regulators of EGFR like 

MIG-6, decorin, sprouty, CBL, E-cadherin, etc also act against MET. MIG-6 

binds indirectly to MET via an adaptor protein, GRB2, thereby inhibiting the 

signaling. Decorin directly binds to the MET receptor with high affinity. Then, 

CBL is recruited to the receptor complex, resulting in rapid ubiquitination and 

degradation of MET. The mechanism of action of sprouty, and E-cadherin are 

similar to what was explained for EGFR (Ledda and Paratcha, 2007), above. 

Similar to EGFR, the non-receptor type-1 PTP, non-receptor type-2 PTP, 

receptor type J PTP, etc negatively regulate MET by dephosphorylating tyrosine 

residues (Sangwan et al., 2008). Signaling crosstalks are also important 

regarding RTKs regulation by creating both negative and positive feedback 

loops. One such mechanism concerning MET is the Notch signaling pathway. 

Activation of Notch culminates in MET downregulation and in turn, MET 

activation results in transcriptional activation of Notch signaling pathway 

(Stella et al., 2005). 

2. Leucine-rich repeats and immunoglobulin-like domains (LIG) 

superfamily  

The most common protein domain encoded in the human genome is the 

immunoglobulin-like (Ig) domain which is present in 765 proteins, whereas 

leucine-rich repeat (LRR) domain is present in 188 proteins (Lander et al., 

2001). Both of these domains participate in protein-protein interactions 

(Williams and Barclay, 1988; Zinn and Ozkan, 2017; Bella et al., 2008). A few 

proteins (18 proteins) have both Ig and LRR domains and are named LIG 

proteins (MacLaren et al., 2004; Mandai et al., 2009). Figure 4 shows the 

structural similarity between the members of this superfamily (Neirinckx et al., 

2017). 
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2.1. LRIG1 and LRIG2 discovery 

One important subgroup of LIG superfamily is leucine-rich repeats and 

immunoglobulin-like domains (LRIG) gene family that consists of three 

members: LRIG1, LRIG2, and LRIG3. The LRIG proteins are commonly 

expressed in mammalian tissues. Structurally, all LRIG proteins share an LRR 

domain consisting of fifteen leucin-rich repeats, three immunoglobulin-like 

domains, one transmembrane domain, and a cytosolic domain. The least 

conserved region is the cytosolic domain. LRIG gene family is conserved during 

evolution (Guo et al., 2004). The founding human member, LRIG1 (the former 

name was LIG1) was discovered by a search for homologs of the insect protein, 

kekkon-1 (Nilsson et al., 2001). However, it turned out that LRIG1 and kekkon-1 

are not true orthologs, although they show structural similarities. LRIG2 was 

discovered in a search of additional LRIG family members (Guo et al., 2004).  

2.2. The role of LIG and LRIG proteins in the development 

LIG family genes are involved in neural development and in axonal growth and 

guidance. All LIG genes might interact with different RTKs such as 

tropomyosin-related kinases (Trks) and rearranged during transfection (Ret) at 

Figure 4. Structural domains in LIG superfamily (Neirinckx et al., 2017; used with permission 

from Biochimica et Biophysica Acta, Elsevier).  
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different stages of axonal development (Mandai et al., 2009). Lrig mRNA 

expression profiling at embryonic day 10 in mice by using whole-mount in situ 

hybridization technique revealed differential patterns. However, all Lrigs could 

be detected in both central nervous system and peripheral nervous system 

(Homma et al., 2009). The role of Lrig gene family was pinpointed in the mouse 

inner ear development. In this study, single and double Lrig knockout mice 

were generated and the expression patterns of Lrigs were investigated to see 

differential or overlapping expression patterns. Additionally, some specific 

features of inner ear functions were analyzed in different Lrig genotypes. The 

obtained data of this study are described below (Del Rio et al., 2013).  

2.2.1. Developmental phenotypes of Lrig1 knockout mice 

To study LRIG1 gene function in physiology, different research groups have 

used knockout mouse models. Intriguingly, Lrig1 knockout mice with different 

backgrounds show differential phenotypes. The first Lrig1 knockout mouse was 

developed by Suzuki et al. in 2002 on a mixed genetic background (129S7/SvEV 

and C57BL/6). The Lrig1-deficient-mouse behavior, growth, and fertility 

appeared normal. However, at three weeks to four months of age, they 

developed some macroscopic phenotypes on their tail, face, and ear. The tail 

skin was thicker and some parts of face developed alopecia (loss of hair). 

Epidermal hyperplasia of tail skin was visualized by using hematoxylin and 

eosin staining and also immunohistochemical analyses of the keratinocytes 

(Suzuki et al., 2002). In another study, Lrig1-deficient mice were generated in 

FVB/N background. These mice were smaller than wildtype littermates and 

showed a drastic severe phenotype, a very big abdomen on day 10, so the mice 

had to be sacrificed. The authors showed that this phenotype was a result of 

stem cell niche enlargement. Western blotting showed higher expression of 

Egfr, p-Egfr, ErbB2, p-ErbB2, ErbB3, p-ErbB3, and Met in Lrig1 knockout mice 

compared to the wildtype mice (Wong et al., 2012). In yet another study, Lrig1-

knockout mice (Lrig1-CreERT2/CreERT2), with a mixed background of 

129S7/SvEv and C57BL/6, developed low-grade duodenal tumors (14 of 16 total 

mice) at 5 to 6 months of age. This study provided the first in vivo evidence 
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about the role of Lrig1 as a tumor suppressor gene. In these tumors, 

adenomatous polyposis coli gene was intact and canonical wingless type 

pathway was not dysregulated. Adenomatous polyposis coli loss in Lrig1-

positive cells led to intestinal adenomas and large tumors in the distal colon. 

This shows that Lrig1-positive cells that mark intestinal stem cells have the 

potential to develop into cancer (Powell et al., 2012). Lrig1-deficient mice with 

the same genetic background as was used by Suzuki et al. showed 

hyperproliferation of tracheal epithelium in the lung. The expression of p-EGFR 

was increased in epithelial cells in knockout mice compared to wildtype mice 

(Lu et al., 2013).  

To study inner ear development, Lrig1-deficient mice (C57BL/6N strain) was 

also generated. At embryonic day 12.5, Lrig1 showed only limited expression in 

the cochlea but Lrig1 knockout mice showed normal inner ear morphogenesis 

(Del Rio et al., 2013). Some other Lrig1 knockout mice in vivo 

 In the current thesis, we also generated Lrig1-deficient mice to 

study the physiological role of Lrig1 (Paper II).  

2.2.2. Developmental phenotypes of Lrig2 knockout mice 

To study inner ear development, Del Rio et al. generated Lrig2-deficient mice 

(C57BL/6N strain). These mice did not show any gross defects. At embryonic 

day 12.5, Lrig2 showed ubiquitous expression, in contrast to Lrig1, in the whole 

early otic epithelium. Lrig2 single knockouts showed normal inner ear 

morphogenesis but they did not process sound appropriately (Del Rio et al., 

2013). In the current thesis, we also generated Lrig2-deficient mice and 

investigated the role of Lrig2 in the development (Paper I). 

2.2.3. Lrig1 and Lrig2 double knockout mice 

As mentioned, the role of Lrig gene family was investigated in inner ear 

development. Lrig1 and Lrig2 double knockouts die with a high frequency 

before six weeks of age. However, in live mice, inner ear morphogenesis is 

almost normal but or  This 
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phenotype is not seen in Lrig1 or Lrig2 single knockouts showing the 

cooperation of two Lrigs. The investigation in this study showed that Lrig1 is 

needed for sound detection whereas Lrig2 is needed for the proper neuronal 

response (Del Rio et al., 2013).  

2.2.4. LRIG ortholog in C elegans 

An LRIG ortholog, SMA-10 is found in Caenorhabditis elegans (C. elegans). 

SMA-10 binds to bone morphogenetic protein receptors and positively regulates 

their signaling. Phenotypically, sma-10 mutants show a reduced body size. 

Intriguingly, LRIG1 strongly interacts with activin receptor-like kinase (ALK6), 

a type I bone morphogenetic protein receptor and weakly with other ALKs 

receptors (Gumienny et al., 2010). Using confocal microscopy, it was shown in 

the C. elegans intestine, that SMA-10 interacts with type I and II bone 

morphogenetic protein receptors disproportionately (42.1 % to type I and 7% to 

type II). In sma-10 mutants, type I receptor endocytic trafficking is disrupted by 

accumulation in the early endosomes and multivesicular bodies and the 

receptor is less ubiquitinated. SMA-10 does not mediate receptor recycling to 

the membrane. Intriguingly, EGFR signaling (LET-23 in C. elegans) is not 

affected in sma-10 mutant C. elegans (Gleason et al., 2017).   

3. LRIG1 and LRIG2 in cancer 

During the last two decades, LRIG gene family has been under investigation. 

Below, I mention briefly some interesting findings in the field for LRIG1 and 

LRIG2.  

3.1. LRIG1 and LRIG2 genes and their expression in human cancer 

The genetics, epigenetics, mRNA levels, and protein levels of LRIG1 have been 

investigated in different cancer types.  

At the DNA level, LRIG1 resides at chromosomal locus 3p14.3 (Nilsson et al., 

2001). There is strong evidence that chromosome 3p plays a role in cancer as 
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loss of heterozygosity (LOH) of this region frequently happen in different 

malignancies (Knuutila et al., 1999). LRIG1 loss of heterozygosity (LOH) was 

investigated in around 170 lung cancer cell lines and LOH was seen in 75% of all 

cases (Lu et al., 2013). Intriguingly, there is a fragile site approximately 200 kb 

away from LRIG1 locus (Rodriguez-Perales et al., 2004). New risk loci in LRIG1 

were reported in colorectal cancer (rs812481) and glioma (rs11706832) 

(Schumacher et al., 2015; Raskin et al., 2017; Melin et al., 2017). At the 

epigenetic level, in colorectal cancer, increased methylation in the LRIG1 

promoter is inversely correlated with mRNA and proteins levels (Kou et al., 

2015).  

At the mRNA level, LRIG1 is downregulated in lung (Yokdang et al., 2015), 

prostate, and colorectal cancer cell lines (Hedman et al., 2002), and in 

astrocytoma (Ye et al., 2009), advanced nasopharyngeal carcinoma (Sheu et al., 

2009), and squamous cell carcinoma patients (Boelens et al., 2009) compared 

to the normal tissues. However, LRIG1 mRNA overexpression was reported in 

oligodendroglioma, colorectal, ovarian, and prostate cancers (Lindquist et al., 

2014). Moreover, LRIG1 was shown to be upregulated in a cutaneous squamous 

cell carcinoma cell line treated with keratinocyte growth factor compared to 

normal epidermal keratinocytes. This might reinforce the concept of negative 

feedback regulation by LRIG1 (Toriseva et al., 2012).  

At the protein level, LRIG1 is downregulated in human breast (Miller et al., 

2008) and, bladder (Chang et al., 2013) tumors and in pre-invasive squamous 

cell lung samples (Lu et al., 2013) compared to the normal tissues. However, in 

contrast, LRIG1 overexpression was reported in human breast (Miller et al., 

2008) and prostate tumors (Thomasson et al., 2011). These data might indicate 

context-dependent LRIG1 functions. However, most results are in line with a 

tumor suppressive function of LRIG1 in cancer.   

LRIG2 has been less studied than LRIG1 during last years and prior to our work 

(paper I), it was not clear if LRIG2 was a tumor promoter or suppressor. LRIG2 

chromosomal position is 1p13 (Holmlund et al., 2004) and 1p is frequently lost 
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in cancer (Knuutila et al., 1999). Recently, LRIG2 was reported to be 

overexpressed in melanoma compared to the adjacent tissue and promoted 

melanoma cell proliferation (Chen et al., 2017). On the other hand, a newly 

published study reported that LRIG2 suppresses endometrial cancer growth. 

Similar to LRIG1, this might indicate context-dependent functions also of 

LRIG2. 

3.2. LRIG1 and LRIG2 in cancer xenograft models 

In xenograft models of lung (Lu et al., 2013), pituitary (Wang et al., 2016), 

bladder (Li et al., 2011), and breast cancer (Yokdang et al., 2015; Miller et al., 

2008), LRIG1 overexpression inhibits tumorigenesis. 

LRIG2 has been less studied. However, in a xenograft model of endometrial 

cancer, silencing the expression of LRIG2 was shown to suppress cancer cells 

growth by inducing apoptosis (Suh et al., 2018). In a xenograft model of brain 

cancer by using U87 GBM cell line, LRIG2 overexpression promotes tumor 

xenograft growth (Xiao et al., 2014). 

3.3. LRIG1 and LRIG2 in cell proliferation 

Sustained proliferative signaling is one of the original six hallmarks of cancer 

proposed by Hanahan and Weinberg (Hanahan and Weinberg, 2000). In many 

cancer studies, LRIG1 was overexpressed by using expression vectors, or 

downregulated by using small interfering RNAs (siRNAs) or short hairpin RNAs 

(shRNAs). Depending on the context, LRIG1 overexpression inhibits the 

proliferation of MCF-7, MDA-MB-231 (Shattuck et al., 2007), MDA-MB-453, 

and SKBR-3 (Miller et al., 2008) breast cancer cell lines, TW01 head and neck 

cancer cell line (Sheu et al., 2014), HCT-116 colorectal cancer cell line (Kou et 

al., 2015), H4 and U251 glioma cell lines (Ye et al., 2009), and T24 and 5637 

bladder cancer cell lines (Chang, et al., 2013). Conversely, in some contexts, 

LRIG1 depletion promotes cancer cells proliferation. For example, LRIG1 

downregulation increases the proliferation of U251 cells (Mao et al., 2012), and 

ZR75-1 breast cancer cell line (Krig et al., 2011).  
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In A549 and H357 lung cancer cell lines, transduced LRIG1 did not inhibit the 

cells growth before confluency but post-confluence analysis revealed that LRIG1 

inhibited proliferation. Co-immunoprecipitation assay showed a ternary 

complex consisting of LRIG1, EGFR, and E-cadherin in these cells. The authors 

investigated the relation between these three proteins and concluded that LRIG1 

inhibited density-dependent cell growth after the formation of the ternary 

complex (Lu et al., 2013). 

LRIG2 has been less studied. However, LRIG2 stable transduction of U251 and 

U87 cell lines promotes cancer cell proliferation (Xiao et al., 2014). Conversely, 

LRIG2 downregulation inhibits GL15 GBM cell proliferation (Wang et al., 

2009). 

3.4. LRIG1 and LRIG2 in cell migration 

Activating migration or invasion is another of the hallmarks of cancer (Hanahan 

and Weinberg, 2000). Depending on the context, LRIG1 overexpression inhibits 

the migration or invasion of MCF-7, MDA-MB-231 (Shattuck et al., 2007), U251, 

(Mao et al., 2013), T24, and 5637 cells (Chang, et al., 2013). Conversely, LRIG1 

downregulation increases the migration of U251 cells (Mao et al., 2012). 

EMT is a fundamental process in development that plays an important role in 

morphogenesis. In this process, epithelial cells are changed into migratory 

mesenchymal cells. However, cancer cells may hijack this process to progress 

and disseminate (De Craene and Berx, 2013). Intriguingly, in immortalized 

human mammary epithelial cells, endogenous level of LRIG1 protein is 

downregulated during EMT process. In 3D matrigel culture, ectopic expression 

of LRIG1 in MDA-MB-231 cells that are highly invasive, inhibited mesenchymal 

markers expression like vimentin or fibronectin. In this cell line, LRIG1 could 

inhibit cell migration through MET inhibition (Yokdang et al., 2015). 

LRIG2 has been less studied. However, it was shown that LRIG2 

downregulation inhibits the migration of human umbilical vein endothelial cells 

in a transwell model co-cultured with U87 and U251 cells (Yang et al., 2017). 
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3.5. RTKs signaling regulation and LRIG mechanisms of action 

Here, I mention briefly some interesting findings regarding RTKs signaling 

regulation and mechanism of action of LRIG1 and LRIG2. 

Kekkon-1 negatively regulates Drosophila melanogaster EGFR during oogenesis 

(Ghiglione et al., 1999). Based on the structural similarities between LRIG1 and 

kekkon-1, it was speculated that LRIG1 might be a negative regulator of human 

EGFR (Nilsson et al., 2001). Accordingly, LRIG1 was shown to negatively 

regulate EGFR (Gur et al., 2004; Laederich et al., 2004). Interestingly, different 

research groups have shown that LRIG1 not only negatively regulates EGFR, but 

also ERBB2, ERBB3, and ERBB4 (Laederich et al., 2004; Gur et al., 2004; 

Miller et al., 2008), MET (Shattuck et al., 2007), RET (Ledda et al., 2008), TrkB 

 (Bai et al., 2012). 

Moreover, in paper I, we showed that LRIG1 negatively regulated also PDGFRA 

(Rondahl et al., 2013). However, the mechanisms involved are largely unknown, 

or controversial in some cases.   

Below, first, I mention some suggested LRIG1 mechanisms of action regarding 

EGFR, MET, and RET signaling regulation. Next, briefly, I describe some 

interesting findings related to LRIG1 mechanism of action.  

One of the main regulators of EGFR is CBL which is an E3 ubiquitin ligase that 

tags the receptor for degradation (Shtiegman and Yarden, 2003). Thus, Gur et 

al., tested if CBL plays a role in LRIG1 function. They showed that the cytosolic 

part of LRIG1 interacts with CBL and brings it to the EGFR. They concluded 

that LRIG1 function is dependent on CBL (Gur et al., 2004). However, Stutz et 

al. could not reproduce this finding and instead demonstrated that LRIG1 

function is not dependent on CBL (Stutz et al. 2008). Among ERBB family 

members, only EGFR is regulated physiologically by CBL and not the other 

members (Levkowitz et al., 1996). In human embryonic kidney 293T 

(HEK293T) cells, co-immunoprecipitation demonstrated that LRIG1 interacts 

with all ERBB family members, but not with fibroblast growth factor receptor. 

One of the common EGFR rearrangements in GBM is EGFRvIII, which is 
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constitutively active and escapes common negative regulatory mechanisms. 

Intriguingly, LRIG1 downregulates EGFRvIII in U87-EGFRvIII cell line. LRIG1 

also inhibits proliferation and motility of U87-EGFRvIII cells to some extent 

(Stutz et al., 2008).  

For MET signaling regulation, the LRIG1 mechanism of action is largely 

dependent on lysosomal and not proteasomal degradation pathway (Shattuck et 

al., 2007). LRIG1-mediated MET degradation is regulated by ubiquitin specific 

protease 8 which regulates ubiquitin modification and LRIG1 post-translational 

stability (Oh et al., 2014). Apparently, the downregulation of MET by LRIG1 

does not involve CBL function (Shattuck et al., 2007; Lee et al., 2014).  

For RET signaling regulation, various mechanisms of LRIG1 action have been 

shown to operate (Ledda et al., 2008). LRIG1 does not downregulate RET 

protein expression level but the downstream signaling is downregulated. LRIG1, 

after binding to RET, restricts ligand binding, receptor phosphorylation, MAPK 

activation, and RET access to lipid raft domains. Also here, LRIG1 functions 

without the involvement of CBL.  

LRIG1 mechanism of action has also been investigated through structure-

function analyses. Thus, LRIG1 LRR or immunoglobulin-like domain can bind 

to EGFR but only LRR deletion disrupts LRIG1 function. LRIG1 and EGFR 

interactions happen both in the presence and absence of EGF ligand (Gur et al., 

2004). LRIG1 LRR domain was confirmed in another study to be necessary for 

its negative regulatory function (Alsina et al., 2016). However, at least in some 

studies, LRIG1 ectodomain and full-length proteins do not downregulate EGFR 

levels despite the downregulation of downstream signaling (Yi et al., 2010; 

Johansson et al., 2013). Of note, in one study, the specific direct interaction 

between LRIG1 and EGFR could not be proven (Xu et al., 2015). 

As already mentioned, the LRIG proteins share similar structural domains. 

Thus, it is not surprising if we speculate that mechanistically, they can interact 

with the same RTKs or with each other. Interestingly, co-transfection studies in 

HEK293T cells showed that LRIG1 and LRIG3 are interacting and functionally 
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oppose each other. More detailed experiments demonstrated that the LRIG1-

LRIG3 interaction does not depend on the presence of EGFR and intriguingly, 

LRIG1 decreased LRIG3 protein half-life in these cells. Deletion studies of 

LRIG1 domains revealed interactions are disrupted only when the ectodomain is 

deleted. However, LRIG1 function is disrupted only when the LRR domain is 

deleted. In this study, receptor degradation was shown to be dependent on the 

lysosomal pathway and not on CBL or poly-ubiquitination (Rafidi et al., 2013). 

Therefore, it is important to know if LRIG2 also interacts with other LRIG 

family members. In paper III, we gained insights about this question.  

In addition to RTKs signaling pathways, the connection between estrogen 

signaling and LRIG1 has been investigated. In two breast cancer cell lines, 

ZR75-1 and MCF- -estradiol) ligand treatment induces LRIG1 

expression at the mRNA and protein levels. Thus, estrogen receptor binding 

sites are positioned at 23 to 80 kb from LRIG1 transcription start site and 

within LRIG1 introns. Interestingly, in ZR75-1 cell line, ERBB2 activation 

suppresses estrogen receptor and in turn, inhibits the induction of LRIG1 by E2 

ligand. E2 ligand treatment increases ZR75-1 cell proliferation and siRNAs 

against LRIG1, increases this proliferation further. Interestingly, LRIG1 

depletion did not change estrogen receptor expression level. However, these 

findings could not be repeated with MCF-7 cell line, demonstrating the context-

dependency of LRIG1 action in breast cancer cell lines (Krig et al., 2011). Of 

note, in paper IV, we investigated the association of LRIG1 copy number (CN) 

alterations (CNAs) with estrogen-receptor status.  

LRIG2 has been less studied and its mechanism of action is not clear yet. Co-

transfection assays in HEK293T cells showed that LRIG2, in contrast to LRIG1, 

does not have any significant effect on the expression of EGFR and ERBB2 

(Rafidi et al. 2013). In paper I, we obtained similar results, showing a lack of 

effects of LRIG1 on PDGFRA (Rondahl et al. 2013). Additionally, LRIG2 

interacts with EGFR in U251 and U87 GBM cell lines and increases EGFR 

signaling (Xiao et al., 2014). However, in paper III, interestingly, we showed 

that LRIG2 might modulate PDGFRA expression levels, indeed. In this paper, 
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LRIG2 was identified as one of the LRIG1-interacting proteins (Faraz et al., 

2018), which is further discussed in the corresponding section. 

Taken together, a lot of questions remain unanswered regarding the exact 

mechanisms of LRIG1 and LRIG2 functions. Thus, in papers I, II, and III, we 

found it of importance to investigate further the function of LRIG1 and LRIG2 

in cancer cells and their mechanisms of action. 

3.6. LRIG1 and LRIG2 as prognostic and predictive factors 

Biological markers (biomarkers) might be categorized into diagnostic, 

prognostic, and predictive. A prognostic marker predicts the possible outcome 

of a disease, like progression or relapse risk regardless of given treatments 

(Sawyers, 2008). A predictive marker on the other hand, predicts the response 

to a given treatment. Movements toward personalized medicine have been 

already started (Duffy and Crown, 2008) and important aspects in this context 

are prognosis and prediction (Sawyers, 2008). In cancer treatments and 

interventions, proper prognostic and predictive markers help to maximize 

treatment efficacy and minimize toxicity (Conley and Taube, 2004).  

Both LRIG1 and LRIG2 have been investigated as prognostic markers in 

different studies (reviewed in Lindquist et al., 2014). Below I will briefly 

mention interesting studies regarding the prognostic value of DNA, mRNA, and 

protein of LRIG1 or LRIG2 in different cancer types.  

At the DNA level, in advanced nasopharyngeal carcinoma, LRIG1 homozygous 

deletion was reported in 30% (12/40) of samples. In this study, a significant 

association was found between LRIG1 locus deletion and poor clinical outcome 

(Sheu et al., 2009). At the epigenetic level, in cervical cancer, the 

hypermethylated LRIG1 promoter was correlated with a worse prognosis 

(Lando et al., 2015).  

At the mRNA level, a meta-analysis was performed to find new prognostic 

markers in ovarian serous carcinoma. In patients with stage 3 and 4 disease, low 
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level of LRIG1 mRNA expression was correlated with a poor prognosis (Willis et 

al., 2016). In another study, investigation of publicly available expression 

database of estrogen receptor-positive breast cancer revealed that patients with 

lower expression of LRIG1 had a worse prognosis than patients with higher 

expression of LRIG1 (Krig et al., 2011).  

At the protein level, lower expression of LRIG1 is associated with a poor 

outcome in squamous cell carcinoma (Jensen et al., 2008). Moreover, higher 

expression of LRIG1 is associated with a better outcome in cutaneous squamous 

cell carcinoma (Tanemura et al., 2005), early-stage invasive cervical cancer 

(Lindström et al., 2008), cervical adenocarcinoma (Muller et al., 2013), non-

small cell lung cancer (An et al., 2015; Kvarnbrink et al., 2015), hepatocellular 

carcinoma (Yang et al., 2016), and primary vaginal carcinoma (Ranhem et al., 

2017). Unexpectedly, in sebaceous gland tumors, LRIG1 was reported to be 

overexpressed in poorly differentiated samples. The authors suggested that 

higher expression of LRIG1 is a negative prognostic marker in this context 

(Punchera et al., 2016). This is somewhat surprising and could be attributed to 

the technical variation in LRIG1 analysis. 

LRIG2 has been also investigated as a prognostic marker. High expression of 

the LRIG2 protein is correlated with poor prognosis in early-stage subcutaneous 

cell carcinoma of the uterine cervix (Hedman et al., 2010) and non-small cell 

lung cancer (Wang and Song, 2014). Moreover, subcellular localization of 

of LRIG2 in astrocytoma was correlated with better prognosis (Gue et al., 2006) 

and in stages II and III oligodendrogliomas, cytoplasmic LRIG2 expression was 

correlated with poor prognosis (Holmlund et al., 2009).  

 

4. Brain tumors  

Mammalian brain contains neurons, glial, endothelial, and other cells. One of 

the main functions of glial cells is to support the neurons. There are four various 

main subtypes of glial cells: (1) oligodendrocytes, (2) astrocytes, (3) microglia, 

(4) NG2-glia which are the progenitors (Azevedo et al., 2009). Oligodendrocytes 
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support the neurons by generating myelin (Nave, 2010) and disturbed functions 

are involved in some neurodegeneration diseases, such as amyotrophic lateral 

sclerosis and  have different 

functions for neuron homeostasis and are needed for formation, maintenance, 

and elimination of synapses during development (Chung et al., 2015). Their role 

has been shown in some neurodevelopmental or neurological diseases like 

 etc (Phatnani and Maniatis, 

2015). Microglia control the homeostasis of the neurons by growth factors, 

cytokines, and chemokines. They also regulate the development, plasticity, and 

function of synapses. Moreover, they are the phagocytes of the brain and 

interact with various immune cells in the CNS (Wolf et al., 2017).  

Nervous system tumors (NSTs) cover less than 2% of all malignancies. Children 

and adults (aged 45-70) have the highest peaks of incidence. More than 90% of 

NSTs are primarily located in the brain. Gliomas, the so-

-60% of all primary brain tumors and, can be divided 

into oligodendroglioma, astrocytoma, and ependymoma subtypes. Other NST 

types are meningiomas (20-35%), and schwannomas (5-10%). The rare types of 

NSTs consist of pituitary adenomas, medulloblastomas, and tumors of the spine 

or peripheral nerves (Boyle and Levin, 2008). 

The detailed etiology of NSTs is not known. However, some well-known risk 

factors are ionizing radiation and chemicals, such as nitrosourea. Regarding the 

environmental risk factors, there are a lot of speculations (such as tobacco 

smoke or some occupations) but most studies are not conclusive (Boyle and 

Levin, 2008). There are some well-known inherited syndromes that are 

associated with NSTs and might be considered as genetic risk factors: (1) Li-

Fraumeni, (2) Cowden, (3) Ataxia telangiectasia, (4) Gorlin, (5) Familial 

adenomatous polyposis and hereditary nonpolyposis colorectal cancer, (6) 

Neurofibromatosis types 1 and 2, etc (Vijapura, 2017).  
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4.1. Brain tumors classification  

4.1.1. World Health Organization (WHO) classification of glioma 

tumors  

The well-known brain tumor classification comes from the World Health 

Organization (WHO). This classification was initially based on the tumor cells 

histology resembling the original glial cells and the malignancy of the tumor by 

grade definitions. Grade I defines low proliferative tumors that usually is 

curable by surgery. Grade II is often low proliferative with a diffuse growth 

pattern that might develop into higher grades. Grade III or anaplastic tumors 

are more proliferative tumors with nuclear atypia. Grade 4 or GBM is a highly 

aggressive, proliferative with great cellular atypia and neo-angiogenesis.  Grades 

I and II are called low-grade glioma and grades III and IV are called high-grade 

gliomas. WHO Grade II or III gliomas can develop into higher grade tumors 

with poor prognosis. The diffuse gliomas and especially high-grade gliomas have 

a poor prognosis. Most of the patients diagnosed with grade 4 glioma die within 

9 to 12 months (Louis et al., 2007). 

During the last decades, a lot of molecular information about glioma tumor has 

been collected. The 2007 classification and earlier versions were mostly based 

on histology and the interpretations were often varied by different 

neuropathologists based on their observations (intra and interobserver 

variability). To resolve these issues, classification of tumors of the central 

-old principle of 

 Isocitrate 

dehydrogenase (IDH) mutations and 1p/19q codeletion status. (Louis et al., 

2016). Figure 5 shows the updated version of the mentioned system based on 

more genetic characteristics (Park et al., 2017).  

Recently, The Cancer Genome Atlas (TCGA) research network analyzed low-

grade glioma patients to integrate the genome-wide data from DNA, RNA, and 

protein platforms. Three molecular classes were defined based on IDH, 1p/19q 

co-deletion, and tumor protein 53 (TP53) status. The authors could classify and 

stratify gliomas by using molecular profiling more distinctly regarding clinical 

outcomes compared to WHO classification (Cancer Genome Atlas Research et 

al., 2015). Molecular profiling techniques including methylation signatures 
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(CpG islands methylation profiles) have defined more distinct subsets of 

gliomas (Ceccarelli et al., 2016).  

 

 

 

 

 

4.2. Oligodendroglioma  

Oligodendroglioma represents 5-20% of all gliomas and approximately 55% of 

patients belong to age group 40 to 65 (Cairncross et al., 1994). Patients with 

features of oligodendroglioma seem to have a better prognosis compared to 

other types of gliomas (Van den Bent et al., 2008).  

 

4.2.1. Molecular biology  

 

1p/19q loss (co-deletion of the short arm of chromosome 1, and long arm of 

chromosome 19) is the most common chromosomal change in 

oligodendroglioma (Bigner et al., 1999). This loss is associated with 

chemosensitivity (Cairncross et al, 1998). A couple of genes located on 1p and 

19q arms, such as cyclin-dependent kinase inhibitor 2A, tumor protein 73, and 

Figure 5. A simplified classification of diffuse gliomas based on histological and genetic 

characteristics (Park et al., 2017; This is an Open Access article distributed under the terms 

of the Creative Commons Attribution Non-Commercial License). 
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paternally-expressed gene 3 are suggested to have important roles in the genesis 

of oligodendroglioma (Reifenberger and Louis, 2003; Trouillard et al., 2004). 

 

TP53 mutations are also found in oligodendroglioma (TCGA, 2015). TP53 

promoter is methylated in 74% (31/42) of oligodendroglioma patients (Amatya 

et al., 2005).  

 

IDH1 and 2 mutations are seen in approximately 70% of gliomas including 

oligodendroglioma. The most frequent mutation occurs in amino acid 132 

located in the active site of IDH (Yan et al., 2009). IDH converts isocitrate to 2-

oxoglutarate by producing nicotinamide adenine dinucleotide phosphate (Cupp 

and McAlister-Henn, 1991). Surprisingly, the mutant IDH obtains a gain of 

function and converts 2-oxoglutarate into 2-hydroxyglutarate, which acts as an 

oncometabolite (Dang et al., 2009). 

Regarding other essential genes, activated PDGFR signaling pathway and co-

expression of ligand and receptor are common in oligodendroglioma (Nister et 

al., 1988; Hermanson et al., 1992; Martinho et al., 2009). EGFR amplification, 

often seen in oligodendroglioma is negatively correlated with 1p/19q loss status 

(Horbinski et al., 2011). 10q loss is one of the most common chromosomal 

changes in all gliomas. One important gene located on 10q is PTEN, which has 

shown to be a tumor suppressor gene (Sasaki et al., 2001).   

 

Another gene, O-6-methylguanine-DNA methyltransferase (MGMT) has been 

studied intensively in cancer research. MGMT is a transferase enzyme that plays 

a very important role in DNA repair. MGMT recognizes the DNA adduct at the 

O6 position of guanine and removes the alkyl groups (Pegg et al., 1995). MGMT 

promoter hypermethylation frequently occurs in oligodendrogliomas (Kaloshi et 

al., 2008).  

 

Other studies have shown mutations on telomerase reverse transcriptase 

(TERT) promoter in diffuse gliomas including oligodendroglioma (Koelsche et 

al., 2013). The mutations are related to higher glioma progression (Vinagre et 

al., 2014).  
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4.3. Glioblastoma  

Glioblastoma multiform (GBM, WHO grade IV) is the most common type of 

primary brain tumor. GBM can be divided into primary and secondary GBMs. 

Primary GBM consists 90% of all cases. Secondary GBM is transformed from 

low-grade tumors (Furnari et al., 2007). 

 

4.3.1. Molecular biology  

Some main pathways seem to be involved in the pathobiology of GBM. Various 

RTKs and two well-known tumor suppressor genes, TP53 and retinoblastoma 1 

have an important role in the pathogenesis of GBM (Furnari et al., 2007).  

 

Integrative analyses of genetic alterations show three core signaling pathways in 

GBM (Figure 6). RTK/RAS/PI3K, TP53, and retinoblastoma signaling pathways 

are altered in 88%, 87%, and 78% of GBM samples, respectively (TCGA, 2008). 

Based on gene expression profiling from 200 patients, TCGA classifies GBM 

samples to four different subtypes: (1) Classical, (2) Mesenchymal, (3) 

Proneural, and (4) Neural. EGFR amplification or mutation, PDGFA or 

fibroblast growth factor receptor 3 activation, homozygous deletion of cyclin-

dependent kinase inhibitor 2A, and high expression of nestin (a neural 

precursor and stem cell marker) are detected often in the classical subtype. Also, 

Notch and Sonic hedgehog signaling pathways are very active. Interestingly, 

TP53 mutations were not common in a subset of the classical group. This 

subtype was strongly associated with astrocytic signature in mice. In the 

mesenchymal subtype, hemizygous deletions of neurofibromin 1, and high 

expression of MET, cluster of differentiation 44, microglia markers, tumor 

necrosis factor superfamily and nuclear factor- are 

common. It seems EMT, and inflammatory processes play important roles in 

this group. This subtype is very similar to the cultured astroglial signature. In 

proneural subtype, the main events are PDGFRA and IDH1 alterations. 

PDGFRA amplifications are detected almost in all GBMs but in proneural 

subtype, it has a higher rate. TP53 and PIK3CA mutations, high expression of 

oligodendrocyte development markers, PDGFRA, oligodendrocyte transcription 

factor-2, and proneural development genes, SRY-related HMG-box, and 
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transcription factor 4 are prominent observations. Gene ontology search proves 

a cell cycle signature in this subtype. Most secondary GBMs are found in this 

group. The neural subtype is marked by expression of neuron markers (Verhaak 

et al., and TCGA, 2010). 

EGFR gene rearrangements occur often in GBM. One of the most common 

rearrangements is a deletion of exons 2-7 in EGFR gene. This variant, named 

EGFRvIII is constitutively active, cannot bind to ligands, and plays important 

roles in tumor growth, survival, and treatment resistance (Nicholas et al., 

2006).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Noushmehr et al. identified a glioma-CpG island methylator phenotype that was 

l outcome. In 

this cohort, two genes, retinol binding protein 1, and G0/G1 switch gene 2 show 

the strongest evidence for promoter methylation effect in glioma-CpG island 

Figure 6. Core signaling pathways in GBM (TCGA, 2008; used with permission from 

Nature, Springer Nature).  
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methylator phenotype tumors. Intriguingly, they reported only 17% concordance 

between genes promoter hypermethylation and their expression levels 

(Noushmehr et al., and TCGA, 2010). 

Generally, promoter methylation occurs more often in secondary GBMs 

compared to primary GBMs (Ohgaki and Kleihues, 2007). Like 

oligodendroglioma, MGMT hypermethylation is detected in most GBMs 

(Herman and Baylin, 2003).  

 

4.4. Prognostic and predictive markers in glioma tumors  

A prospective randomized study shows that IDH1 mutations have a very strong 

prognostic value in anaplastic oligodendroglioma but cannot predict the 

outcome of patients to the procarbazine, lomustine, and vincristine (PCV) 

chemotherapy. 1p/19q co-deletions have also prognostic significance but not 

predictive value (Van den Bent et al., 2010).  

 

In GBM, both MGMT promoter hypermethylation and IDH mutations seem to 

have prognostic and to some extent predictive values. TP53, EGFR, PDGFR, 

PTEN, and 1p/19q markers have prognostic but not predictive value (Karsy et 

al., 2015). TERT promoter mutations are also suggested to have a prognostic 

value (Killela et al., 2014).  

 

4.5. Treatment  

Primary treatment of oligodendroglioma includes PCV or in some patients 

temozolomide in the postsurgical situation. Combination of radiotherapy and 

chemotherapy have been shown to increase the response rate and survival 

figures in some clinical situations. In anaplastic oligodendroglioma (grade III), 

and oligoastrocytoma (grade III), if the tumor exhibits 1p/19q co-deletion, there 

is strong evidence for increased response to PCV treatment. For high-grade 

gliomas (anaplastic gliomas, grade III tumors) and astrocytoma grade IV (GBM) 

surgery, irradiation, and chemotherapy (temozolomide) during and after 

radiotherapy are the main options for the treatment. Radiotherapy is usually 

given as 2 Gy daily fraction on weekdays up to 56-60 Gy. Temozolomide is given 

daily, even during weekends (42 days) and after radiotherapy with 6 courses 
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every fourth week. In large tumors located in sensitive areas and in old fragile 

patients, cytotoxic agents or radiotherapy as single treatment may be an option. 

Bevacizumab might be used as salvage therapy for glioma treatment (Weller et 

al., 2017). 

A new modality, tumor treating fields for the treatment of GBM are under 

implementation in the clinic (Rick et al., 2018). The use of other agents, 

signaling pathways inhibitors, and immunotherapy are under intensive 

investigations (Davis, 2016).  

  

5. Breast cancer  

Breast cancer is one of the most common types of cancer in the world (Siegel et 

al., 2017). Although about 90% of the patients survive for more than 5 years, it is 

the second cause of death in cancer after lung cancer in Sweden in women 

(Swedish cancer registry, 2016).   

Age, geography, age at menarche and menopause, age at first pregnancy, family 

history, radiation, oral contraceptive, hormone replacement therapy, and 

lifestyle (diet, weight, alcohol consumption, smoking) are established and 

probable risk factors for breast cancer development (Kaminska et al., 2015).  

Mammography with a biopsy of the suspected tissue is the gold standard 

method for breast cancer diagnosis. However, a new toolbox has been developed 

to diagnose breast cancer such as digital breast tomosynthesis mammography, 

contrast-enhanced digital mammography, ultrasonography, magnetic resonance 

imaging, and liquid biopsies including molecular biological methods like real-

time PCR or microarrays (De Abreu et al., 2013).   

 

5.1. Clinical and Histological Classification  

Human breast is a cutaneous exocrine gland that consists of skin and 

subcutaneous tissue in which ducts, lobules, and supporting stroma reside 

(Jesinger, 2014). Breast cancer can be divided into two broad groups: (1) in situ 

carcinoma that can be ductal or lobular, and (2) invasive carcinoma that can be 

categorized into more subgroups such as infiltrating ductal, medullary, 
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mucinous, invasive lobular, ductal lobular, and tubular tumors (Malhotra et al., 

2010).  

Breast cancer can be also categorized based on stage or grade. Stage is one part 

of diagnosis to determine the size and the spread of the tumor. One of the 

staging systems of breast cancer is TNM system in which T, N, and M stand for 

tumor (tumor size), node (nodal status), and metastasis (distant metastasis). 

The American Joint Committee on Cancer updates this system periodically 

(Edge and Compton, 2010). Histological grading determines the degree of 

malignancy, similar to glioma, that is also relevant to prognosis. There are 

different scoring systems to grade a breast cancer. The Nottingham grading 

system (Elston-Ellis) considers three parameters: (1) differentiation of tumor, 

(2) nuclear features, (3) mitotic count. Each parameter will be scored from 1 to 

3. In total, the sum of all these three variables gives the grade of a breast cancer 

(Elston and Ellis, 1991).  

 

Clinical classification categorizes breast cancer into three main therapeutic 

subtypes: (1) the estrogen receptor positive group which is the most common 

type, (2) the ERBB2-amplified group, and (3) triple-negative breast cancer 

group which is sometimes called basal-like cancer (TCGA, 2012).  

Perou et al. classified breast cancer by using cDNA microarray technique into 

of 8102 genes. Their hierarchical clustering analysis divided breast cancer into 

different subtypes as ERBB2-enriched (10-15%), luminal A (40%), luminal B 

(20%), basal-like (15-20%), etc (Perou et al., 2000).  

Inherited tumor syndromes are significant risks for breast cancer. Mostly, the 

genes involved in these syndromes are tumor suppressors and DNA repair genes 

like breast cancer A1 and A2, ataxia telangiectasia mutated (ataxia 

telangiectasia), and TP53 (Li-Fraumeni) (Nielsen et al., 2016).   

 

5.2. Molecular classification  

Human breast cancer is highly heterogeneous (Ronnov-Jessen et al., 1996). The 

breast cancer research community has put a lot of efforts into clarification of the 

molecular heterogeneity of the disease during the last years.  
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In such an effort, TCGA analyzed and integrated a large dataset of information 

from different molecular platforms such as DNA CN, DNA methylation, exome 

sequencing, mRNA arrays, microRNA sequencing, and targeted proteomics by 

using reverse phase protein array

d information. 

TP53, retinoblastoma 1, PIK3CA, PTEN, AKT1, cyclin-dependent kinase 

inhibitor 1B, etc were the most significantly mutated genes. The summary of this 

research is shown in table 2 (TCGA, 2012). 

 

 

 

 

 

 

 

5.3. Prognostic and predictive markers  

Various prognostic and predictive biomarkers have been recognized as shown in 

table 3 (Nicolini et al., 2017). However, these days only a few biomarkers are 

used in the routine clinics such as estrogen, progesterone, and ERBB2 receptors 

status as well as proliferative markers (Nowsheen et al., 2012).  

 

Table 2. Breast cancer subtypes characteristics (TCGA, 2012; used with permission from Nature, 
Springer Nature). 
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5.4. Treatment  

For early-stage breast cancer, breast-conserving therapy is the first choice which 

generally includes breast surgery plus radiotherapy. Adjuvant therapy, 

radiotherapy, chemotherapy, endocrine therapy or the combinations are used to 

eradicate the micrometastatic disease. For ERBB2-positive breast cancer, a 

monoclonal antibody, trastuzumab is used (Sledge et al., 2014). In the advanced 

disease or when the tumor recurs, chemotherapy, endocrine therapy, signal 

pathways inhibitors such as trastuzumab or some of the recently introduced 

drugs like specific cell cycle inhibitors, palbociclib or ribociclib are used 

(Ramos-Esquivel et al., 2018). Poly ADP ribose polymerase enzyme inhibitors 

Table 3. Breast cancer prognostic and predictive biomarkers (Nicolini et al., 
2017; used with permission from Elsevier). 
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are also used in the treatment of breast cancer. Many cancer cells are more 

dependent on this enzyme than regular cells, making an attractive target for 

cancer therapy (Turk and Wisinski, 2018).  
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Specific aims: 

 

 To investigate the roles of LRIG1 and LRIG2 in 

gliomagenesis (Paper I and II).  

 

 To identify functionally important LRIG1-interacting 

proteins (Paper III). 

 

 To investigate the importance of LRIG1 CNAs in breast 

cancer prognosis (Paper IV). 
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Materials and Methods 

Generation of Lrig1- and Lrig2-deficient mice (I, II) 

First, conditional Lrig1- and Lrig2-deficient mice were generated by inserting 

lox P sites of exon 1 of Lrig1 or on both sides of exon 12 of Lrig2 (I and II). 

Briefly, targeting vectors containing the lox P sites were electroporated into 

embryonic stem cells derived from 129Sv/J mice. Selected embryonic stem 

colonies were injected into C57BL/6 blastocysts to generate chimeric mice, 

which were used to obtain germ line transmission of the conditional allele. 

Thereafter, Lrig1 and Lrig2-knockout mice were generated by removing the 

floxed exons through mating of the mice with OzCre mice (Ozgene), which 

ubiquitously express Cre recombinase. Western blotting and reverse 

transcription polymerase chain reaction (RT-PCR) were used to confirm the 

phenotypes of mice.   

RNA isolation and real-time RT-PCR (I, II, III) 

RNA was extracted by using RNAqueos kit (I and II) and PARIS kit (III). 

Contaminating DNA was removed by using TURBO DNA-free kit. Quantitative 

real-time RT-PCR was performed using 20 ng (I and II) or 40 ng (III) of total 

RNA and qscript One-Step quantitative RT-PCR kit. RN18S (18S rRNA) was 

used as the reference gene to normalize the data.  

Droplet digital PCR (ddPCR) (IV) 

In ddPCR, every sample is partitioned into approximately 20,000 separate 

droplets and PCR reactions occur inside each droplet. After the completion of 

the PCR, all droplets are analyzed and scored as positive or negative. Poisson 

statistics is then used to calculate the number of templates in the original 

sample. The probes were labeled with fluorophores at their 5' ends and 

quenchers at their 3' ends. The DNA substrate was digested with HindIII before 

the PCR. Then, the ddPCR reaction mixture was prepared, droplets were 
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generated, and the PCR was run. After PCR amplification, QX200 droplet 

reader (Bio-Rad) was used to obtain the data. The data were filtered out if they 

had low quality or showed high variation. If the LRIG1/reference gene ratio was 

higher than 1.15, we considered this as an LRIG1 gain and if the ratio was lower 

than 0.85, we defined this as an LRIG1 loss. For ERBB2, the American Society 

of Clinical Oncology/College of American Pathologists guideline, stating that if 

the ERBB2/reference gene ratio is higher than 2, the tumor is defined as being 

ERBB2- positive, was followed. The researcher was blind to the clinical data 

when performing the ddPCR analysis.  

Cell culture, transfections, and transductions (I, II, III)  

In the current thesis, primary mouse embryonic fibroblasts (MEFs), DF-1 

chicken fibroblasts, HEK293T, HEK293, Lenti-X 293, TB101, and TB107 cells 

were used. Primary MEFs were taken from E12.5 or E13.5 mouse embryos 

resulting from matings of Lrig2 heterozygote mice. DF-1 chicken fibroblasts 

transformed with PDGFB-expressing RCAS virus were kindly provided by Lene 

Uhrbom (Uppsala University, Sweden). The MEFs and DF-1 cells were cultured 

in DMEM containing 10% fetal bovine serum (FBS), 50 µg/ml gentamycin, 

MEM non- -mercaptoethanol. HEK293T, 

HEK293, and Lenti-X 293 cells were obtained from American Type Culture 

Collection, the European Collection of Authenticated Cell Cultures, and 

Clontech, respectively. These cells were cultured in DMEM supplemented with 

10% FBS and 50 µg/ml gentamycin. For HEK293T and HEK293 cells, BD Pure-

Coat amine cell culture plates were used because the cells tended to detach 

easily when cultured on standard cell culture plastics. TB101 and TB107 were 

established from two different GBM (after informed consent and approval from 

ethics committee). These primary GBM cell lines were cultured in a neural stem 

cell medium on laminin-coated plates. All cell lines were cultured at 37 °C in a 

humidified atmosphere containing 5% CO2. For transient transfections, X-

tremeGene 9 or X-tremeGene HP DNA transfection reagents were used. The 

cells were seeded the day before transfection, and on the day of transfection, 

DNA vectors and reagents were mixed and added to the cell culture. The cells 
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were lysed after 2 (I and II) or 4 days (III) by using cell extraction buffer. 

Lentiviral particles were used to transduce glioma cell lines. The viral particles 

were produced by using Lenti-X 293 cells transiently co-transfected with 

relevant expression vectors and Lenti-X HTX packaging mix by using Xfect 

transfection reagent. In studies I and II, DF-1 chicken fibroblasts producing 

RCAS-PDGFB-HA retroviruses were used to transduce mouse brain cells after 

intracranial injection. 

Generation of LRIG1-null cells (III) 

To generate LRIG1-null HEK293T cells, CRISPR-Cas9 technology was used. In 

the final knockout clone, clone 3, the deletion of the entire LRIG1 gene, 

spanning exon 1 to exon 19, of both alleles, was confirmed by Sanger DNA 

sequencing (III).  

Glioma mouse models 

We used the replication-competent avian retrovirus (RCAS)/tv-a gene transfer 

system to generate gliomas in mice. Mice do not normally express the RCAS 

receptor, tv-a, so RCAS viruses can normally not infect mouse cells. However, 

the Ntv-a transgenic mouse strain expresses the tv-a receptor under the control 

of the nestin promoter, resulting in expression of tv-a by neural progenitor cells. 

Thereby, the virus can specifically infect the neural progenitor cells in the Ntv-a 

mice. The RCAS vector used in our study had been engineered to include a 

cDNA encoding human PDGFB (Holland, 2001; Fomchenko, and Holland, 

2006). Tumors were induced by injecting RCAS-PDGFB-producing DF-1 cells 

into the brains of newborn Ntv-a mice. This protocol results in the development 

of oligodendroglioma-like or GBM-like tumors at 12 weeks-of-age (Uhrbom et 

al., 1998).  

In the orthotopic xenograft model, the primary human GBM cell lines, TB101 

and TB107, were injected into the frontal lobe of eight-week-old BALB/cA nude 

mice. Four months after injection, the mice were euthanized and the brains 
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were analyzed by immunohistochemistry for human vimentin, which marked 

the human glioma cells.  

Plasmids, shRNAs, and doxycycline-inducible system (I, II, III) 

Expression vectors used in this thesis included: Myc-LRIG1, pcDNA3-PDGFRA, 

pcDNA3.1, p3xFLAG-LRIG2, p3x-FLAG-CMV-13, pLVX-LRIG1-TRE3G, pLVX-

TRE3G, and pLVX-Tet3G. The inducible expression vectors used were based on 

the Tet-On 3G system. In the presence of doxycycline, Tet-on 3G protein 

expressed from the pLVX-TRE3G vector is able to bind to the TRE3G promoter 

and activate transcription of LRIG1 from the pLVX-LRIG1-TRE3G expression 

vector. The advantage of this system is that the cDNA cloned into the vector is 

induced by doxycycline addition and the expression can be adjusted by the 

doxycycline concentration (Zhou et al., 2006). In paper III, short hairpin RNAs 

(shRNAs) were used to downregulate the endogenous levels of LRIG1 

interactors. First, bacterial glycerol stocks were purchased and then shRNA 

vectors were prepared by using mini, midi, or maxiprep kits. The complete list 

of shRNAs used can be found in supplementary Table S1 in paper III.   

Cell and tissue lysis, Western blotting, and phospho-RTK assay (I, II, 

III) 

Mouse embryos, tissues, or cells were lysed in a lysis buffer containing 1% 

Triton X-100, 50 mM Tris-HCl, pH 7.5 and 150 mM NaCl (I) or a modified 

radioimmunoprecipitation assay buffer containing 50 mM Tris-HCl, pH 7.4, 1% 

Triton X-100, 0.2% sodium deoxycholate, 0.2% sodium-dodecyl-sulfate, 1 mM 

sodium ethylene diamine tetra acetate, 1 mM phenylmethylsulfonylfluoride (II) 

supplemented with protease inhibitor. The cells (III) were lysed in an ice-cold 

cell extraction buffer supplemented with the EDTA-free protease inhibitor and 1 

mM phenylmethylsulfonyl fluoride. The supernatants were collected after 

centrifugation. Protein concentrations were measured by using a BCA protein 

assay kit. Samples were mixed with a denaturing sample buffer, reducing agent, 

and incubated at 100°C for 5 minutes. Equal amounts of proteins were loaded 

and separated on a 3 8% Tris-Acetate or 10% Bis-Tris gel. The proteins in the 
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gels were electro-transferred to polyvinylidene difluoride or nitrocellulose 

membranes. To block the membranes, 5% or 2% nonfat dry milk in Tris-

buffered saline with tween (200mM Tris, pH 7.4, 150mM NaCl, 0.1% Tween 20) 

or Odyssey blocking buffer was used. The blots were incubated with specific 

horseradish peroxidase-conjugated or fluorescent secondary antibodies. ECL 

Select kit was used to detect horseradish peroxidase-conjugated secondary 

antibodies and the images were obtained with a ChemiDoc Touch Imaging 

System. For fluorescent secondary antibodies, the Odyssey CLx imager was used 

to obtain the images. The data were analyzed by Image Lab software or Image 

Studio Lite software. As an internal loading control, actin protein was used. 

RTKs phosphorylation screening was performed by using a human Phospho-

RTK array kit.  

Flow cytometry (III)    

HEK293 cells were detached and dissociated by incubation with Accutase 

enzyme mixture for 10 minutes. The detached cells were centrifuged and 

washed with cold phosphate-buffered saline (PBS). Thereafter, the cells were 

incubated on ice for 30 minutes with primary antibody diluted in fluorescence-

activated cell sorting (FACS) buffer (3% FBS and 0.02% NaN3 in PBS). After a 

wash step, the cells were incubated with the fluorescent secondary antibody. 

The cells were washed again, resuspended in FACS buffer including propidium 

iodide (0.1 µg/ml), and analyzed using a BD Accuri C6 flow cytometer. The main 

population of cells was gated and 10,000 events were acquired. FlowJo software 

was used to analyze the data and prepare FACS graphs. 

Immunohistochemistry (II) 

The mouse brains were fixed in 4% paraformaldehyde overnight and then 

transferred to 70% ethanol. The fixed tissues were embedded in paraffin, cut 

into 4 µm slices, incubated at 60°C for 2 hours, treated with xylene, and water. 

A citrate buffer was used to retrieve the epitopes. Then, the slides were labeled 

with an anti-vimentin antibody. 
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Proximity ligation assays (I) 

Proximity ligation assay was used to detect phosphorylated Pdgfra or Pdgfrb in 

primary MEF cells. Mouse anti-phospho-tyrosine antibody was combined with 

rabbit anti-Pdgfra or rabbit anti-Pdgfrb antibody. Proximity ligation assay can 

detect epitopes that are in close proximity to each other, i.e., less than 40 nm 

apart. We used the secondary antibodies, reagents, and protocols provided by 

the manufacturer of the proximity ligation assays kit (Olink, Uppsala).  

In Situ hybridization (I, II) 

In situ RNA hybridization for Lrig1 and Lrig2 mRNAs was performed by using 

RNAscope kit. This method is an improvement of the traditional in situ 

hybridization technique. Briefly, cells or tissues were fixed and permeabilized. 

Then, RNAscope target probes were allowed to bind their target mRNA, 

followed by hybridization of multiple signal amplification molecules, and 

staining of the slides.  

Migration assay (II) 

A modified Boyden assay was used to analyze the migratory potential of primary 

GBM cell lines. The upper chamber has a microporous membrane that allowed 

the cells to migrate through it, down to the bottom chamber. Cells that had 

migrated from the upper to the lower chamber were stained and counted 

manually under a microscope.  

Confocal microscopy (I, III) 

Confocal laser scanning microscopy was used to visualize primary cilia in MEF 

cells (I) and to study colocalization of paraoxonase 2 (PON2) and LRIG1 in 

HEK293 cells (III). In confocal microscopy, the sample is visualized by a 

focused laser beam in the sample at a definite point. The light emitted from this 

point passes a pinhole and is detected by a detector. The light from out-of-focus 

planes in the sample cannot pass through the pinhole so the image in confocal 
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microscopy is prepared point by point (Thorn, 2015). The cells were cultured on 

glass coverslips. After transfection, the cells were fixed with 4% 

paraformaldehyde, permeabilized, and blocked with PBS including 5% FBS and 

0.1% Triton X-100. Thereafter, the cells were incubated with specific primary 

antibodies and fluorescent secondary antibodies. To stain nuclei, DAPI was 

used. The images were acquired with a Zeiss LSM 710 confocal microscope.  

Yeast two-hybrid (Y2H) screen (II) 

Yeast two-hybrid (Y2H) system was developed by Fields and Song in 1989. This 

technique is based on a transcription factor that consists of two different 

domains, a DNA-binding domain and an activation domain. In the Y2H system, 

these two domains are separated and fused to other proteins. The DNA-binding 

and activation domains are fused to bait and prey, respectively. When the bait 

and prey proteins interact, then the activation domain is brought to the DNA-

bound DNA-binding domain, which triggers the transcription of a reporter gene 

(Fields and Song, 1989) (Figure 7).   

 

 

 

 

 

 

 

 

 

Figure 7. Y2H system. X and Y 

(blue) show two different proteins. 

The activation domain (AD) and 

DNA-binding domain (DBD) are 

fused to a bait and prey, 

respectively. If an interaction occurs 

between the bait and prey, the 

reporter gene will be transcribed 

(Fields and Song, 1989; This is an 

Open Access article distributed 

under the terms of the Creative 

Commons Attribution Non-
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In our project (paper III), the entire cytosolic domain of LRIG1 was cloned into 

the bait vector. DSY-1 yeast cells were co-transformed with the LRIG1-bait 

vector and a human whole-brain cDNA library cloned into the prey vector. The 

positive interactors were determined by sequencing.  

In silico analyses (III) 

TCGA database was used to download RNAseq and normalized counts data for 

all solid tumors. Spearman correlation test was used to analyze the correlation 

between LRIG1 and LRIG1 interactors at the mRNA level.  

Patients and tumor samples (IV) 

The patients included in study IV were diagnosed with primary breast 

carcinoma between 1987 and 1999. Overall survival (OS) was calculated from 

diagnosis date to the date of death or the date of the last follow-up. Metastasis-

free survival (MFS) was calculated from the date of diagnosis to the date of 

metastasis or the last follow-up. The last follow-up time for OS and MFS were 

June, 30, 2017 and December, 31, 2013, respectively. The TNM system was used 

for patient staging. Patients who were recorded with metastasis within six 

months after diagnosis date, were categorized as stage IV. The treatment of 

patients was given based on the guidelines of the North Swedish Breast Cancer 

Group. After pathology evaluation, representative tumor tissue was frozen in 

liquid nitrogen. Frozen tumor tissue was homogenized, and then suspended in 

cold standard receptor buffer (10 mmol/L Tris, pH 7.4; 1.5 mmol/L 

ethylenediaminetetraacetic acid; 10 mmol/L sodium molybdate; 1.0 mmol/L 

monothioglycerol). The samples were centrifuged at 20,000 x g and the 

supernatants (also called cytosols) were collected and stored at -70 °C. The 

pellets were analyzed by the Burton method to evaluate cell concentrations.  

Statistical analyses (I, II, III, IV) 

SPSS software was used for all statistical analyses except in paper III in which 

data were analyzed by using Excel. If the data had a normal distribution, the 
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mean of two or multiple groups was 

respectively. If the data were not normally distributed, the mean of two or 

multiple groups were compared by Mann-Whitney or Kruskal-Wallis test, 

respectively. For correlation studies, non-parametric data were analyzed by 

Spearman correlation test. To describe the association between categorical data, 

Chi-square test was used if the test assumptions were not violated, otherwise the 

To analyze OS and MFS, log-rank test 

was used and the data were illustrated with Kaplan-Meier survival curves. For 

multivariate analysis (IV), Cox regression analysis was used. In all statistical 

analyses, the significance level was set to p-values less than 0.05 or, in cases 

with many multiple comparisons (more than 15 comparison tests), less than 

0.01.  

Studies approval and ethics (I, II, IV) 

The housing of mice and all animal experiments were conducted according to 

the European Communities Council Directive (86/609/EEC). The experimental 

protocols were approved by the Regional Ethics Committee of Umeå University, 

Umeå, Sweden (registration numbers, A12-07, A25-07, A5-2010, A52-10, A41-

10, and A42-10) (I and II). The project in paper IV was approved with 

registration number Um dnr 02-455.  
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Results and discussion 

Paper I 

Lrig2-deficient mice are protected against PDGFB-induced glioma 

To investigate the physiological and molecular role of Lrig2 in mouse 

development and in a mouse model of PDGF-induced gliomagenesis, we 

generated Lrig2-deficient mice. Lrig2 exon 12 (Lrig2E12) was removed and this 

resulted in a frameshift in the open reading frame of Lrig2, resulting in multiple 

stop codons. Thus, it is possible that a truncated version of Lrig2 was expressed 

in the knockout mice. Regrettably, this possibility could not be tested because of 

a lack of suitable reagents, i.e., specific antibodies against the region encoded by 

Lrig2 exon 1-11.  The identities of wildtype, heterozygote, and knockout Lrig2 

mice were confirmed at the DNA, mRNA, and protein levels by Southern 

blotting, RT-PCR, and Western blotting, respectively. To obtain a homogenous 

genetic background, Lrig2 mice were back-crossed onto a C57BL/6 background 

for five generations.   

Lrig2 knockout mice had an increased mortality rate compared to wildtype or 

heterozygous mice and they grew slower, initially, however, at 15-18 weeks of 

age, the body weights were the same among the genotypes. The knockout mice 

did not show any macroscopic anatomical defects or difference in organ weights. 

Myelin sheaths also appeared to be normal.  

In the mouse cancer model of gliomagenesis, Ntv-a transgenic mice with 

different Lrig2 genotypes were transduced with PDGFB-encoding RCAS viruses. 

In this model, most of the resulting tumors are of lower WHO grades (grades II 

and III), with similarities to human oligodendroglioma and a few tumors are of 

higher WHO grade (IV), with similarities to human GBM. The tumor incidence 

and grade were dependent on the Lrig2 genotype. Lrig2 knockout mice showed 

a lower glioma incidence and a higher proportion of low-grade tumors than 
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wildtype and heterozygous mice. This difference was not dependent on RCAS 

virus transduction efficiency.  

To investigate the molecular mechanisms behind the observed differences in 

PDGFB-induced gliomas between the Lrig2 genotypes, we established a series 

of MEF lines from mice of different Lrig2 genotypes and analyzed them with 

regard to Pdgf signaling. Intriguingly, no difference was observed between the 

genotypes with regard to Pdgfr levels or phosphorylation levels of Pdgfrs, Akt, or 

Erk1/2 after PDGF-BB treatment. However, the PDGF-BB-induced induction of 

the immediate-early genes Fos and early growth response 2 differed among the 

different Lrig2 genotypes. Lrig2 knockout MEFs showed a more rapid 

induction-kinetics of Fos and early growth response 2 than wildtype and 

heterozygous MEFs did. Co-transfection of LRIG2 and PDGFRA In HEK293 

cells revealed no effect of LRIG2 expression on PDGFRA level. However, LRIG1 

negatively downregulated PDGFRA expression levels in a dose-dependent 

manner. Taken together, these results indicate that Lrig2 affects Pdgfr signaling 

downstream of receptor activation.    

In summary, we concluded that Lrig2 is important in mouse development and 

PDGF-induced gliomagenesis, possibly via modulating Pdgfr downstream 

signaling. 

Paper II 

Lrig1 is a haploinsufficient tumor suppressor gene in malignant 

glioma 

To investigate the role of Lrig1 in the mouse model of PDGF-induced 

gliomagenesis, we generated Lrig1-deficient mice. Disruption of Lrig1 was 

achieved by deleting Lrig1 exon 1, which contains the predicted ATG start 

codon. Quantitative RT-PCR and Western blotting were used to evaluate the 

Lrig1 mRNA and protein levels in brains of the mice. Both mRNA and protein 

expression levels of Lrig1 were lower in heterozygous than in wildtype mice, and 

neither Lrig1 mRNA or protein was detected in the knockout mice. PDGF-



 

49 
 

induced gliomas were generated according to the same method as described in 

paper I. The incidence of generated tumors was similar among different Lrig1 

genotypes but, intriguingly, Lrig1 heterozygous mice had a significantly higher 

incidence of high-grade tumors than wildtype mice had. This showed that Lrig1 

is a haploinsufficient tumor suppressor of PDGFB-induced experimental glioma 

in mice. 

Next, we asked if ectopic expression of LRIG1 can decrease glioma malignancy 

in vivo. In a xenograft model, we stably transduced a primary GBM cell line, 

TB107, with lentiviral vectors encoding LRIG1 (pLVX-LRIG1) or an empty 

control vector.  The transduced cells were injected orthotopically into BALB/cA 

nude mice. The tumor incidence was similar for the cell line that overexpressed 

LRIG1 and the control cell line. However, the LRIG1 overexpressing tumors 

showed a strikingly reduced invasiveness. The reduction in invasiveness in vivo 

was mirrored by a reduced migratory capacity of TB107 cells in vitro that had 

been transduced with an inducible LRIG1 allele. Intriguingly, induced LRIG1 

overexpression downregulated the phosphorylation level of MET, but had no 

effect on the phosphorylation level of EGFR. To further investigate the role of 

MET in the LRIG1-mediated suppression of TB107 cell migration, a 

pharmacological inhibitor of MET, PHA-665752, was used. The results 

demonstrated that LRIG1 suppressed the migration of TB107 cells partly 

through negative regulation of MET. Strikingly, LRIG1 overexpression had no 

effect on the migration of TB101 cells. Accordingly, TB101 cells did not display 

any phosphorylated MET, which possibly accounted for the lack of effect on 

migration by LRIG1 in these cells. On the other hand, LRIG1 suppressed the 

proliferation of TB101. The mechanism behind this anti-proliferative effect of 

LRIG1 remains unexplored. 

The lack of an effect of LRIG1 overexpression on p-EGFR levels in TB101 or 

TB107 cells was surprising. This result contrasted with several previous studies 

showing that LRIG1 downregulates EGFR. It will be important to investigate if 

LRIG1 and EGFR directly interact or if they interact indirectly through a protein 

complex including other interactors. If such mediators are missing or disrupted, 
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then the LRIG1 effect might be compromised. In paper III, we identified various 

LRIG1 interactors and showed that some of them can regulate the function of 

LRIG1. In the HEK293T cell context, LRIG1 did not directly interact with EGFR; 

instead, PON2 and PTPRK may mediate an interaction between LRIG1 and 

EGFR. It will be interesting to investigate the importance of these LRIG1-

interactors also in TB101 and TB107 GBM cells.  

In summary, in this study, we showed that Lrig1 is a haploinsufficient tumor 

suppressor gene in PDGFB-induced gliomagenesis in mice and that LRIG1 could 

inhibit glioma cell invasion and migration, partly through MET inhibition. 

Paper III 

A protein interaction network centered on leucine-rich repeats and 

immunoglobulin-like domains 1 (LRIG1) regulates growth factor 

receptors 

In the cell, proteins are not functioning in isolation instead they function 

through interactions with other proteins. Some proteins also interact with DNA, 

RNA, lipids, or small molecules. To understand the function of proteins at the 

cellular level, systems biology methods are needed. In this perspective, protein-

protein interaction maps or interactomes can be useful.  

The mechanisms of LRIG1 function remain largely unknown. Different RTKs 

are downregulated by LRIG1 and some mechanisms have been suggested. 

However, the unbiased identification of LRIG1-interacting proteins may help to 

better understand the mechanisms of LRIG1 function and how LRIG1 acts in 

different contexts. To identify LRIG1-interacting proteins and analyze their 

effects on LRIG1 function, we performed a Y2H screen, mined the data from the 

Bio-Plex (biophysical interactions of ORFeome-based complexes) protein 

interaction data, and developed a triple co-transfection system which we used to 

evaluate the functional importance of the identified LRIG1-interacting proteins.  
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In our Y2H screen, the cytosolic tail of LRIG1 was used as the bait to screen a 

human adult whole-brain cDNA library. Thereby, we found the LRIG1 

interactors glutaredoxin 3 (GLRX3) and zinc finger and BTB domain

containing 16 (ZBTB16).  

In the Bio-Plex project, a lentiviral library consisting of 13,000 open reading 

frames or baits was used to co-immunoprecipitate endogenous proteins from 

HEK293T cells. After co-immunoprecipitation (affinity purification), mass 

spectrometry technique was used to analyze and identify the interacting 

mparative proteomic analysis 

software suite (CompPASS) was used to filter out non-specific interactors. In 

this dataset, 18 proteins were discovered as LRIG1 high confidence interacting 

proteins: calcium activated nucleotidase 1 (CANT1), canopy fibroblast growth 

factor signaling regulator 3 (CNPY3), CNPY4, galactosyl-3-sulfonyl-transferase-

1 (GAL3ST1), glycosylphosphatidylinositol anchored molecule-like (GML), 

major histocompatibility complex, class II, DR (HLA-DRA), major 

histocompatibility complex, class I, E (HLA-E), LRIG2, LRIG3, leucine-rich 

repeat containing 40 (LRRC40), mitochondrial fission regulator 1 

like (MTFR1L), paraoxonase 2 (PON2), protein tyrosine phosphatase, receptor 

type K (PTPRK), RAB4A, member RAS oncogene family (RAB4A), scavenger 

receptor class A member 3 (SCARA3), secretoglobin family 2A member 2 

(SCGB2A2), scribbled planar cell polarity protein (SCRIB), and tubulin beta 8 

class VIII (TUBB8). To investigate the functional importance of all identified 

LRIG1-interacting proteins, we established a transient triple co-transfection 

system. In paper I, we showed that LRIG1 downregulates PDGFRA when LRIG1 

and PDGFRA are co-transfected in HEK293 cells. In the triple co-transfection 

system, we also included shRNAs to downregulate the endogenous levels of the 

LRIG1 interactors and evaluated the PDGFRA expression level as the functional 

read out. We used a mixture of five different shRNAs against all interactors 

because we aimed to target all potential splice variants of respective interactor 

and to reach a high level of transient downregulation. LRIG1-mediated down-

regulation of PDGFRA expression was blunted by shRNA mixtures against 

PON2 and GAL3ST1. We saw also the same trend with shRNAs against RAB4A 
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and GLRX3. The opposite was seen with shRNAs against LRIG2, CNPY3, HLA-

DRA, GML, CNPY4, LRRC40, and LRIG3; i.e., these shRNA mixtures seemed to 

enhance the LRIG1-mediated down-regulation of PDGFRA. The transferrin 

receptor protein was used as a control for possible non-specific effects on the 

expression or stability of unrelated transmembrane proteins. Intriguingly, 

LRIG1 itself showed more or less the same pattern as PDGFRA. That is, the 

shRNAs that increased LRIG1-mediated down-regulation of PDGFRA 

expression also decreased LRIG1 expression level and vice versa. One 

interpretation of these results is that both LRIG1 and its PDGFRA target are 

degraded together, as previously shown for LRIG1 and EGFR (Gur et al., 2004).  

Because we identified antibodies that could recognize endogenous PON2 and 

RAB4, we analyzed these interactors further. Of note, we failed to identify 

antibodies that could recognize some other endogenous LRIG1-interacting 

proteins. The quantification of the PON2 and RAB4A protein levels showed a 

relatively modest extent of downregulation by the shRNA mixtures (~20%). 

However, it should be noted that only about 50% of the cells were successfully 

transfected by the shRNAs, whereas in Western blotting, all the cells are 

analyzed, thereby diluting out any specific effects. Nevertheless, using the 

different shRNAs individually, a perfect match was seen between the level of 

RAB4A downregulation and decreased LRIG1-mediated down-regulation of 

PDGFRA. One important consideration is related to various spliced variants of 

RAB4A, PON2, and the other LRIG1 interactors. Regarding RAB4A, there are at 

least two different spliced variants and not all individual shRNAs can target 

both variants. To investigate if all interactors spliced variants have the same 

function, more experiments are needed. As it is clear from PON2 and RAB4A, 

not all individual shRNAs are functional and this is another reason why we 

chose a mixture of shRNAs in our screen. A weakness of the study is that we did 

not show that all shRNA mixtures induced an efficient downregulation of their 

respective target protein. Therefore, our negative results regarding eight of the 

19 interactors need to be validated by future experiments. We purchased the 

shRNAs from Sigma Aldrich and many of those shRNAs were already validated 

in HEK293T or other cell lines (See paper III, Table S1). However, the low 
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endogenous level of some LRIG1 interactors makes it difficult to use Western 

blotting for validation of the shRNA effects on the protein level. Of note, by 

using quantitative real-time RT-PCR, we could show that the shRNA mixtures 

against GAL3ST1, GLRX3, and ZBTB16 induced an efficient downregulation at 

the mRNA level (data not shown). However, mRNA and protein levels may not 

necessarily correlate in all cases.  

One important question is whether the monitored PDGFRA expression level 

changes were dependent on LRIG1. In principle, in our triple co-transfection 

system, the respective shRNA could also affect PDGFRA levels directly, without 

the involvement of LRIG1. To address this question, we generated LRIG1-null 

HEK293T cells and repeated the same triple co-transfection experiments with 

or without LRIG1 overexpression. These experiments showed for PON2 and 

ZBTB16, that the effect of their shRNA-mediated downregulation on PDGFRA 

expression was dependent on LRIG1 expression. To exclude LRIG1 independent 

effects, this experiment needs to be repeated for all LRIG1-interactors.  

The LRIG1-interacting proteins could be classified into three groups according 

to the effects of their shRNAs on the LRIG1-mediated down-regulation of 

PDGFRA seen in the triple co-transfection system: (1) RAB4A, PON2, GLRX3, 

and GAL3ST1 whose shRNAs resulted in increased levels of PDGFRA and/or 

LRIG1; (2) MTFR1L, SCRIB, PTPRK, CANT1, TUBB8, SCARA3, and HLA-E 

whose shRNAs resulted in no significant change in PDGFRA or LRIG1 levels; (3) 

ZBTB16, LRIG2, CNPY3, HLA-DRA, GML, CNPY4, LRRC40, and LRIG3 whose 

shRNAs resulted in decreased levels of PDGFRA and/or LRIG1. Regarding the 

genes in the second group, which did not affect PDGFRA levels, we cannot rule 

out the possibility that these genes affect LRIG1 function in other manners.  

To investigate if the expression of LRIG1 is associated with the expression level 

of LRIG1-interacting proteins, we performed an in silico analysis. We 

downloaded RNAseq count data from TCGA for LRIG1 and its interactors in 

different cancer types and normal tissues. Spearman correlation analysis 

revealed a consistent positive correlation between LRIG1 expression and the 
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expression of ZBTB16 and PTPRK and a negative correlation between LRIG1 

expression and the expression of GLRX3. The correlations were stronger in 

normal tissues than in cancer tissues. This might imply that in cancer cells the 

relations between LRIG1 and its interactors are disrupted.  

Here, briefly, I describe the proteins not belonging to the LRIG family which we 

identified as LRIG1 interactors with functional importance: 

RAB4A. shRNAs against RAB4A did not affect the PDGFRA level significantly 

but affected the LRIG1 level. RAB4A is a master regulator in the regulation of 

endocytosis. It plays important roles in recycling from early endosomes, 

transport to early endosomes, and homotypic fusion of early endosomes. 

RAB4A affects both recycling and degradative endosomal trafficking (McCaffrey 

et al., 2001) by 

al., 2014). Intriguingly, in PDGFR signaling pathway, recycling of PDGFRB is 

dependent on RAB4A (Hellberg et al., 2009) and deregulation of RAB4A alters 

PDGFR trafficking (Chamberlain et al., 2010).  Rab4A also regulates EGFR 

signaling pathway (Goueli et al., 2012). RAB4A has dual roles both in slow-

recycling and fast-recycling routes of receptors recycling back to the plasma 

membrane (Deneka et al., 2003; Sheff et al., 1999).  

PON2. shRNAs against PON2 affected both the PDGFRA and LRIG1 expression 

levels significantly, in a manner suggesting that PON2 supports LRIG1 function. 

We were able to use confocal microscopy for PON2 as we had a good antibody 

that was compatible with this technique. This analysis revealed that PON2 was 

mostly localized in the cytoplasm in HEK293 cells and partly colocalized with 

LRIG1. PON2 has previously been reported to localize to the endoplasmic 

reticulum, mitochondria, and peri-nuclear region (Aviram and Rosenblat, 2004; 

Horke et al., 2007; Rothem et al., 2007). In response to oxidative stress, PON2 

localization changes to the plasma membrane (Hagmann et al., 2014). PON2 

belongs to the PON gene family. PON2 is a type II transmembrane protein that 

protects against lipid peroxidation and regulates the content of 

glucosylceramide. The name PON comes from the paraoxon substrate that is 
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hydrolyzed by a paraoxonase. However, PON2 in contrast to PON1 cannot 

hydrolyze paraoxon (Primo-Parmo et al., 1996). PON2 has a lactonase and an 

anti-oxidant activity. Still it is not clear if these two enzymatic functions are 

related to each other. PON2 can promote cell survival by reducing cellular 

oxidative damage (Altenhöfer et al., 2010). Specifically, PON2 is an important 

antioxidant in the central nervous system (Garrick et al., 2016). Moreover, 

PON2 also has an anti-apoptotic function (Horke et al., 2007). PON2 is 

upregulated in cancer and supports tumor progression (Furlong et al., 2016). 

Recently, PON2 was shown to be a metabolic regulator of pancreatic ductal 

adenocarcinoma tumor growth and metastasis. Inactivation of TP53 in 

pancreatic ductal adenocarcinoma cells results in PON2 overexpression which 

leads to cancer progression. In this case, PON2 regulates glucose transport by 

glucose transporter 1 protein which is important for cancer cell metabolism 

(Nagarajan et al., 2017).  

GLRX3. shRNAs against GLRX3 did not affect the PDGFRA or LRIG1 

expression levels significantly. However, in silico analysis of the TCGA data sets 

showed inverse correlations between the transcripts encoding LRIG1 and 

GLRX3. GLRX3 (other aliases: PICOT or TXNL2) was identified as a protein 

2000). Deletion of GLRX3 in mice is lethal (Cheng et al., 2011) and GLRX3 

plays an important role in iron homeostasis and hemoglobin maturation 

(Haunhorst et al., 2013). As an antioxidant enzyme, GLRX3 regulates cellular 

stress responses (Qu et al., 2011). High expression of GLRX3 was reported in 

lymphoma (Ohayon et al., 2009) and in human colon and lung 

carcinoma cells (Cha and Kim, 2009). GLRX3 is also overexpressed in 

nasopharyngeal carcinoma cells where it promotes cell growth and metastasis 

through the EGFR signaling pathway (He et al., 2016).   

GAL3ST1. shRNAs against GAL3ST1 affected both the PDGFRA and LRIG1 

expression levels significantly, in a manner suggesting that GAL3ST1 supports 

LRIG1 function. GAL3ST1 (also known as CST) is a sulfotransferase that 

catalyzes the transfer of a sulfate group to one of the carbons in 
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galactosylceramide. The produced sulfatide is a plasma membrane sulfolipid 

(Goldberg, 1961). Sulfation is also a common modification of glycoproteins 

(Seko et al., 2001). GAL3ST1 is overexpressed in ovarian carcinoma cells (Liu et 

al., 2010) and high enzymatic activity was reported also in human renal cell 

carcinoma cells, which results in elevated levels of sulfatide (Honke et al., 1998). 

GAL3ST1 activity is increased in renal cell carcinoma cells by EGFR and MET 

signaling pathways (Kobayashi et al., 1993 and 1994).  

PTPRK, shRNAs against PTPRK did not affect PDGFRA or LRIG1 expression 

levels. However, in silico analysis of TCGA data sets showed consistent 

correlations between the transcripts encoding LRIG1 and PTPRK in both 

normal and cancer tissues. PTPRK is a protein tyrosine phosphatase. Protein 

tyrosine phosphorylation is one of the most well-known protein modifications 

that control normal and cancer cell growth (Hunter, 2014). Protein tyrosine 

phosphatases play important roles in cell homeostasis (Fischer et al., 1991). 

PTPRK connects homophilic cell-cell contact to cellular signaling (Sap et al., 

1994). In early studies, PTPRK gene was shown to be a target of the TGF-

-

catenin/E-cadherin complex in cell-cell contact surfaces in adherence junctions. 

-catenin pool in the cytosol and in turn, the transcriptional 

-catenin in the nucleus, is limited after its stabilization at adherence 

junctions (Novellino et al., 2008). In breast cancer, low expression of PTPRK 

was associated with poor prognosis. In vitro analyses demonstrated that PTPRK 

downregulation in breast cancer cells is associated with increased cell 

proliferation, adhesion, and migration (Sun et al., 2013). PTPRK 

dephosphorylates EGFR in Chinese hamster ovary cells and primary human 

keratinocytes (Xu et al., 2005).  

ZBTB16. shRNAs against ZBTB16 affected PDGFRA expression levels 

significantly, in a manner suggesting that ZBTB16 opposes LRIG1 function. 

However, the effect size on PDGFRA level was modest and when the experiment 

was repeated in LRIG1-null HEK293T cells, the effect was only of borderline 

significance. Intriguingly, in silico analysis of the TCGA data sets showed 
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consistent correlation between the LRIG1 and ZBTB16 transcripts. ZBTB16 is a 

highly conserved protein, from yeast to human, during evolution (Avantaggiato 

et al., 1995). ZBTB16 has been shown to be a negative regulator of cell cycle 

progression through MYC suppression (Yeyati et al., 1999). In malignant 

melanoma and gallbladder cancer, ZBTB16 behaves as a tumor suppressor gene 

(Felicetti et al., 2004; Shen et al., 2018). Recently, both LRIG1 and ZBTB16 were 

shown to be glioma susceptibility risk alleles (Melin et al., 2017). ZBTB16 has 

dual roles both as a transcription factor (Mathew et al., 2012) and as an adaptor 

involved in E3 ubiquitin ligase complex (Xu et al., 2003).  

CNPY3 and CNPY4. shRNAs against CNPY3 or CNPY4 affected both the 

PDGFRA and LRIG1 expression levels significantly, in a manner suggesting that 

CNPY3 and CNPY4 oppose LRIG1 function.  Information about the functions of 

CNPY3 and CNPY4 is scarce. CNPY3 (also known as PRAT4A) acts as a co-

chaperone for a HSP90 paralog, gp96, in the proper folding of Toll-like 

receptors. Gp96 resides in endoplasmic reticulum and can directly interact with 

CNPY3 and form a complex in vitro and in vivo (Liu et al., 2010). CNPY4 (also 

known as PRAT4B) is also a co-chaperone. In HEK293 cells, CNPY4 

downregulation decrease Toll-like receptor 4 expression at the cell surface 

(Konno et al., 2006). It is possible that CNPY3 and CNPY4 are needed for 

proper folding and expression of both PDGFRA and LRIG1, however, this 

hypothesis needs to be tested experimentally.  

HLA-DRA. shRNAs against HLA-DRA affected both the PDGFRA and LRIG1 

expression levels significantly, in a manner suggesting that HLA-DRA opposes 

the function of LRIG1. HLA-DRA is an MHC class II molecule which play 

central roles in antigen presentation in the immune system (Rosenthal and 

Shevach, 1973). How HLA-DRA might regulate the function of LRIG1 remains 

to be explored.  

GML. shRNAs against GML affected both the PDGFRA and LRIG1 expression 

levels significantly, in a manner suggesting that GML opposes the function of 

LRIG1. GML has been shown to sensitize esophageal cancer cells to ionizing 
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radiation in a TP53-dependent manner and triggering apoptosis (Kagawa et al., 

1997). Ectopic expression of GML in a human GBM cell line, T98G suppressed 

proliferation of the cells by inducing a G2/M arrest (Ueda et al., 1999). In a 

colorectal cancer cell line, GML expression increased the sensitivity of the cells 

to mitomycin C (Hashimoto et al., 2001). Strikingly, to my knowledge, no 

studies have been published about GML during the last 15 years.  

LRRC40. shRNAs against LRRC40 affected both the PDGFRA and LRIG1 

expression levels significantly, in a manner suggesting that LRRC40 opposes the 

function of LRIG1. LRRC40 is predicted to be a cytoplasmic or nuclear protein, 

however, to my knowledge, no function of LRRC40 has been reported. On the 

other hand, LRRC40 seems to be highly conserved during evolution, suggesting 

an important function (NCBI, Basic Local Alignment Search Tool).  

It will be interesting to see how our functional LRIG1 interactome will be 

translated into cancer biology. The findings from our in vitro study should also 

be extended to studies in vivo. In any case, I believe our suggested LRIG1 

functional interactome has opened up a new direction for LRIG research as 

most of the identified LRIG1 interactors in this study were not known to interact 

with LRIG1, previously. Future studies will reveal the physiological importance 

of these LRIG1-interacting proteins.  

Paper IV   

LRIG1 gene copy number analysis by ddPCR and correlation to 

clinical factors in breast cancer  

Previous LRIG1 CN analyses using FISH technique demonstrated loss and gain 

of LRIG1 in approximately 3.5% and 34% of the tumors, respectively (Ljuslinder 

et al., 2005; Ljuslinder et al., 2009). Later, another investigation that used 

molecular inversion probes and included 971 early-stage breast tumors showed 

LRIG1 loss and gain in 8.9% and 3.9% of the tumors, respectively (Thompson et 

al., 2014). Importantly, in the latter study, it was shown that LRIG1 loss could 

predict both early and late relapse of early-stage breast cancer. To validate or 
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refute the results of these studies, we investigated LRIG1 CN in a breast cancer 

cohort by using the ddPCR technique. This technique is very sensitive and 

powerful to detect CN alterations (CNAs) in cancer samples. First, suitable 

reference genes were selected by a literature review and TCGA data mining. 

Moreover, ddPCR assays were designed for six different loci of LRIG1 gene. We 

tested six different LRIG1/reference assays in twelve healthy individuals. Four 

of six pairs of LRIG1/reference assays demonstrated LRIG1 CN ratios very close 

to 1, thereby validating these assays.  

To compare the ddPCR method with FISH, we used four pairs of 

LRIG1/reference assays to quantify LRIG1/reference gene ratios in 34 tumors 

that had been analyzed by FISH, previously. Strikingly, no significant 

correlation was observed between the results obtained with ddPCR and FISH. 

In six of the tumors, FISH detected LRIG1 gains that were normal by ddPCR 

and in 3 tumors, FISH showed LRIG1 normal CN that were detected as a loss by 

ddPCR. One aspect of the observed discordance between FISH and ddPCR 

might be related to the tumor ploidy and the reference gene used. In contrast to 

the ddPCR analyses, no reference gene was used in the FISH study.  

In 423 breast tumor cytosols, we analyzed LRIG1 and ERBB2 CN ratios by using 

ddPCR. We detected LRIG1 loss and gain in 18.2% and 12.5% of the tumors, 

exact test, we analyzed the possible correlations 

between LRIG1 CNAs and other clinicopathological parameters (Table 1, paper 

IV). We found significant associations between LRIG1 CN status and steroid 

receptor status, ERBB2 status, tumor subtype, tumor grade, nodal status, and 

tumor types. The LRIG1 loss was more common among estrogen receptor-

negative or ERBB2-positive tumors than among estrogen receptor-positive or 

ERBB2-negative tumors. Thus, it can be speculated that there is a selection 

against LRIG1 expression in estrogen receptor-negative and ERBB2-positive 

tumors. LRIG1 loss was more common in higher tumor grades or node-positive 

patients. These data are in line with a tumor suppressive function of LRIG1 in 

breast cancer.  
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To investigate the relationships between LRIG1 

analyzed overall survival and metastasis-free survival both in all patients and in 

early-stage patients. Generally speaking, patients with both LRIG1 loss and gain 

had a poor outcome. However, in a Cox regression model including all variables 

affecting patients  survival, only tumor subtype and nodal status behaved as 

independent prognostic factors, whereas LRIG1 loss or gain did not. 

Disappointingly, this result suggests that LRIG1 CN analyses may not add any 

important prognostic information to the clinical parameters that are already 

routinely evaluated in breast cancer. 

To summarize paper IV, we successfully designed and validated ddPCR assays 

to quantify relative LRIG1 CNs in breast cancer cytosols and demonstrated that 

LRIG1 CNAs were associated with several clinical parameters. These results are 

consistent with possible important biological functions of LRIG1 in breast 

cancer, however, LRIG1 CN ratios did not prove to be independent prognostic 

factors in the breast cancer cohort analyzed.   
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Conclusions 

 

 Lrig2 plays an important role in PDGFB-induced gliomagenesis 

in vivo and modulates downstream Pdgfr signaling in vitro 

(paper I). 

 Lrig1 functions as a haploinsufficient tumor suppressor gene in 

PDGFB-induced gliomagenesis (paper II). 

 LRIG1 inhibits glioma cell migration, partly through MET 

inhibition, and proliferation, in a cell context-dependent manner 

(paper II). 

 Functionally important LRIG1-interacting proteins include: 

RAB4A, PON2, GLRX3, GAL3ST1, PTPRK, ZBTB16, LRIG2, 

CNPY3, HLA-DRA, GML, CNPY4, LRRC40, and LRIG3 (paper 

III). 

 LRIG1 gene aberrations may be important determinants of breast 

cancer biology but do not seem to predict the risk of relapse in 

early-stage breast cancer (paper IV). 
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