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Abstract
Background. Targeted approaches for inhibiting epidermal growth factor receptor (EGFR) and other receptor tyro-
sine kinases (RTKs) in glioblastoma (GBM) have led to therapeutic resistance and little clinical benefit, raising the 
need for the development of alternative strategies. Endogenous LRIG1 (Leucine-rich Repeats and ImmunoGlobulin-
like domains protein 1) is an RTK inhibitory protein required for stem cell maintenance, and we previously demon-
strated the soluble ectodomain of LRIG1 (sLRIG1) to potently inhibit GBM growth in vitro and in vivo.
Methods.  Here, we generated a recombinant protein of the ectodomain of LRIG1 (sLRIG1) and determined its ac-
tivity in various cellular GBM models including patient-derived stem-like cells and patient organoids. We used pro-
liferation, adhesion, and invasion assays, and performed gene and protein expression studies. Proximity ligation 
assay and NanoBiT complementation technology were applied to assess protein–protein interactions.
Results. We show that recombinant sLRIG1 downregulates EGFRvIII but not EGFR, and reduces proliferation in 
GBM cells, irrespective of their EGFR expression status. We find that sLRIG1 targets and downregulates a wide 
range of RTKs, including AXL, and alters GBM cell adhesion. Mechanistically, we demonstrate that LRIG1 interferes 
with AXL but not with EGFR dimerization.
Conclusions. These results identify AXL as a novel sLRIG1 target and show that LRIG1-mediated RTK downregulation 
depends on direct protein interaction. The pan-RTK inhibitory activity of sLRIG1 warrants further investigation for 
new GBM treatment approaches.

Key points

	1.	 Soluble LRIG1 alters GBM cell proliferation, survival, adhesion, and invasion.

	2.	Soluble LRIG1 simultaneously targets multiple RTKs, including AXL.

	3.	LRIG1 directly interacts with AXL, which is required for receptor downregulation.

The soluble form of pan-RTK inhibitor and tumor 
suppressor LRIG1 mediates downregulation of 
AXL through direct protein–protein interaction in 
glioblastoma
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Aberrant growth factor signaling through receptor tyro-
sine kinases (RTKs) is a hallmark of cancer, and triggers 
abnormal cell proliferation, enhanced motility, and thera-
peutic resistance of many solid tumors including glioblas-
toma (GBM).1 The Cancer Genome Atlas (TCGA) project 
confirmed alterations in RTK genes or downstream path-
ways as essential drivers of GBM, detectable in >80% of 
patients.2 In particular, the epidermal growth factor re-
ceptor (EGFR) is predominantly amplified/mutated. The 
most common structural variant in GBM, EGFR variant III 
(EGFRvIII), is characterized by a truncated extracellular do-
main lacking the ligand-binding site and is constitutively 
active and highly oncogenic.3 Altered signaling via EGFR 
and/or EGFRvIII is involved in GBM proliferation and inva-
sion.4 At the molecular level, EGFR and EGFRvIII interplay5 
or interact with other RTKs6,7 to fine-tune these oncogenic 
processes.

Anti-EGFR therapies consequently have been in the 
focus of attention: antibodies, tyrosine kinase inhibitors 
(TKIs), or vaccines were tested in GBM patients, but largely 
remained unsuccessful,8–10 due to limited drug delivery 
to the brain, tumor heterogeneity, and acquired resist-
ance. Resistance to EGFR targeting was associated with 
activation of other RTKs such as EGFRvIII,11 InsR/IGF1R,12 
or PDGFRβ.13 In addition, RTKs converge on common 
signaling pathways, which further hinders their specific in-
hibition by targeted drugs.

LRIG1 (Leucine-rich Repeats and ImmunoGlobulin-like 
domains 1) acts as a negative regulator of numerous RTKs, 
and modulates proliferation, invasion, and angiogenesis.14 
LRIG1 was identified as a bonafide tumor suppressor15,16 
and stem cell marker,17,18 further associated with good 
prognosis in several cancers.19 Although the mechanism of 
action remains a matter of debate, this membrane protein 
is thought to downregulate RTK signaling through receptor 
ubiquitination, internalization, and degradation.14 The ex-
tracellular part of LRIG1 can be shed from the membrane 
and released in the extracellular space as soluble LRIG1 
(sLRIG1) and is sufficient to inhibit EGFR signaling.20,21 We 
previously reported that the treatment of GBM patient-
derived orthotopic xenografts (PDOX) with sLRIG1 reduced 
tumor growth and improved mouse survival, in GBM with 
or without EGFR amplification. sLRIG1 also impaired prolif-
eration of U87-derived cells with different EGFR expression 

status. These data suggested that sLRIG1 reduced GBM 
progression at least partially through EGFR-independent 
mechanisms, potentially targeting other mediators of 
tumor growth.22

Here, we have engineered, produced, and purified a re-
combinant human sLRIG1 protein (rh-sLRIG1) that reduces 
proliferation of GBM cells and patient-derived organoids 
in vitro and affects cell adhesion. sLRIG1 downregulates 
EGFRvIII, but not wild-type EGFR. We show that sLRIG1 af-
fects multiple RTKs at once, and we identify AXL as a novel 
target. Mechanistically, sLRIG1 hinders AXL dimerization, 
but does not interfere with EGFR.

Materials and Methods

Cell Lines and Primary Patient-Derived GBM 
Organoids

Glioblastoma stem-like cells (GSCs) and U87-derived cell 
lines were cultured as described previously.22,23 Collection 
and use of patient tumor tissue samples was performed 
after patients provided informed consent, and approved 
by the appropriate local ethics committee (National Ethics 
Committee for Research [CNER], Luxembourg, REC-
LRNO-20110708). Establishment of orthotopic patient-
derived xenografts (P3, T16, and T188) and animal care 
were described previously.22,23 Surgical procedures were 
performed in accordance with the regulations of the 
European Directive on animal experimentation (2010/63/
EU). At tumor endpoint, brain tissue was harvested and 
processed with Neural Tissue Dissociation kit (Miltenyi) 
followed by Mouse Cell Depletion kit (Miltenyi). One thou-
sand single cells were seeded per well (384-well plate) for 
tumor organoid formation.

Production of Recombinant Human sLRIG1 
(rh-sLRIG1) and Control IgG, and Cell Treatment

The LRIG1 ectodomain (A35-S779) was C-terminally 
tagged with a Histidine tag, shuttled in a baculovirus vector 
(Gateway) and expressed in Sf9 cells. The recombinant pro-
tein was purified using an Imac column on an Äkta purifier 

Importance of the Study

Endogenous RTK inhibitors are poorly studied 
and have so far not been exploited in a thera-
peutic perspective for cancer patients. We de-
scribe for the first time the antitumor activity of 
a recombinant RTK inhibitory protein (LRIG1) 
that strongly alters cell proliferation and ad-
hesion, which provides the basis for a novel 
protein-based therapeutic concept targeting 
multiple RTKs. We confirm that soluble LRIG1 
downregulates multiple RTKs, and identifiy 

AXL as a novel LRIG1 target, known as a driver 
of GBM progression and resistance to anti-
EGFR therapy. The finding that downregulation 
of AXL is dependent on direct protein–pro-
tein interaction provides novel insight into the 
mechanism of LRIG1-induced RTK regulation. 
Our data indicate that recombinant LRIG1 is 
endowed with pan-RTK activity and has strong 
potential for overcoming therapeutic resist-
ance against small molecule inhibitors in GBM.
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(GE Healthcare), eluted using an imidazole gradient, and 
dialyzed against phosphate-buffered saline (PBS). For cell-
based assays, rh-sLRIG1 protein or IgG control protein was 
added to the culture medium at a concentration of 15 µg/
mL (= 0.18 µM), and incubated for 6 days.

Circular Dichroism and Fluorescence 
Spectroscopy

Far-UV circular dichroism (CD) spectra (195–260 nm) were 
recorded with a Jasco J-810 spectropolarimeter, with a 
protein concentration of 0.1 mg/mL (1.15 µM). Data are pre-
sented as the molar residue ellipticity ([Ɵ]MRW). Intrinsic 
fluorescence spectrum was recorded with a Cary Eclipse 
spectrofluorimeter (Varian), with a protein concentration 
of 0.01 mg/mL. The excitation wavelength was 280 nm and 
emission was recorded in the 300–440 nm range, at a rate 
of 600 nm·min−1 (Supplementary Methods).

Cell Proliferation Assay

Proliferation rates were obtained by plating 1 × 105 cells per 
well in 6-well plates. After 6 days, cells were counted using 
an automated cell counter (Countess, Life Technologies), 
and the cell number fold change was calculated.

Viability and Cytotoxicity Assays

PDOX-derived cells (P3, T16, and T188) were freshly iso-
lated and seeded in 384-well plates. After spheroid forma-
tion, we applied rh-sLRIG1 or R428 (S2841, SelleckChem) 
and performed CellTiter-Glo2.0 and CellTox-Green assays 
(Promega), according to the manufacturer’s instructions. 
IgG and DMSO were used as negative controls. Analysis 
and IC50 determination were performed via GraphPad 
Prism 7 software (Supplementary Methods).

Invasion Assay

Boyden chamber assays were performed using inserts 
coated with collagen type I  (Sigma) and ECM proteins 
(Sigma). After 16 hours, invaded cells were fixed with 4% 
paraformaldehyde and stained with Crystal Violet. Cells 
were counted in five representative fields/insert, and 
countings were corrected for proliferation to obtain the 
percentage of invasion (Supplementary Methods).

Gene Expression Analysis

Total RNA of U87-EGFRvIII and U87-EGFRvIII-sLRIG1 
cells was extracted using the RNeasy Mini Kit (Qiagen). 
Total RNA was hybridized on Human Gene 2.0 ST Arrays 
(Affymetrix) in accordance with the manufacturer’s in-
structions. A list of differentially expressed genes (DEG) 
was created by analysis of variance (ANOVA) with FDR 
< 0.01 and an absolute fold change FC > 2.  Raw data 
are accessible on GEO (E-MTAB-7474; Supplementary 
Methods).

Reverse Transcription and qRT–PCR

cDNA was synthesized using iScript Reverse Transcriptase 
(BioRad) and applied for real-time PCR reaction in a Via7 
instrument using Fast SYBR Green (Applied Biosystems) 
and specific primers (Eurogentec; Supplementary Table S1; 
Supplementary Methods).

Western Blot and Antibody Arrays

Protein extracts were resolved in NuPage 4–12% BisTris 
gels (ThermoFisher), and blotted onto a PVDF membrane 
according to standard protocols. Blots were probed with 
primary antibodies at 4°C overnight. Secondary anti-
bodies (Jackson ImmunoResearch) were applied, and 
blots were developed with a chemiluminescent substrate 
(ThermoFisher). Human phospho-RTK antibody array 
(ARY001B, R&D Systems) was performed following the 
manufacturer’s instructions (Supplementary Methods).

Immunofluorescence

GBM cells were fixed with 4% paraformaldehyde and 
blocked for 1 hour with PBS supplemented with 0.1% 
Triton X-100 (PBS-T) and 10% FBS. Primary antibodies 
were diluted in PBS-T and incubated for 2 hours at room 
temperature. After PBS washing, cells were incubated 
with Alexa Fluor 488-, 555-, or 647-conjugated antibodies 
(ThermoFisher). Image acquisition and analysis were per-
formed using a LSM880 Confocal microscope and ZEN2 
software (Zeiss;Supplementary Methods).

In Situ Proximity Ligation Assay

Proximity ligation assay (PLA) was performed to detect in-
teraction between sLRIG1 and AXL. Cells were incubated 
overnight with primary antibodies, and DuoLink detection 
probes (Sigma) were used according to the manufacturer’s 
instructions. Image acquisition was performed using Ni-E 
microscope (Nikon) and analysis was done with Image J 
software (Supplementary Methods).

NanoBiT Complementation Assay

RTK dimerization and interaction with LRIG1 were moni-
tored by NanoLuc complementation assay (NanoBiT, 
Promega).24–26 U87 cells were transfected with pNBe vec-
tors containing human EGFR, AXL, or LRIG1, C-terminally 
fused to LgBiT or SmBiT. For competition experiments, 
pIRES plasmids containing untagged EGFR, AXL, 
LRIG1, or sLRIG1 were co-transfected. Forty-eight hours 
posttransfection, cells were harvested and distributed into 
white 96-well plates, incubated with ligands of interest, 
and then with Nano-Glo Live Cell substrate. RTK dimeri-
zation or interaction with LRIG1 were evaluated with a 
ClarioStar luminometer (BMG LabTech). The signal is re-
ported as a ratio to “untreated” control condition (without 
ligand), being set to 1 (Supplementary Methods).

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
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Statistical Analysis

Data were analyzed using the GraphPad Prism 7 software. 
Results are reported as mean ± standard error of the mean, 
with the n described as the number of biological repli-
cates. Data were submitted to Student t tests or ANOVA 
(two-tailed), and statistical significance was set at P < .05.

Results

Recombinant Soluble LRIG1 Downregulates 
EGFRvIII, and Reduces Proliferation of GBM Cells 
and Patient-Derived Organoids, Independent of 
Their EGFR Status

We have previously shown that the soluble fragment of 
LRIG1 (sLRIG1, Figure 1A) inhibits GBM proliferation in 
vivo and in vitro in different GBM cells and patient-derived 
orthotopic xenografts (PDOX), irrespective of their EGFR 
status.22 We established a GBM cell line expressing sLRIG1 
(Supplementary Figure S1A) that presented a significant 
proliferation defect (Figure 1B), which was associated with 
a dramatic reduction in EGFRvIII protein levels (Figure 
1C). To further validate the effect of sLRIG1 in other GBM 
cell types, we generated a purified recombinant human 
sLRIG1 protein (rh-sLRIG1), allowing cell treatment in a 
reproducible and standardized fashion (human IgG was 
used as a negative control protein). Folding of rh-sLRIG1 
was confirmed (Supplementary Figure S1B and C), con-
sistent with the published X-ray structure of the LRIG1 
ectodomain.27 We applied rh-sLRIG1 to U87 cell lines with 
different EGFR status and verified that rh-sLRIG1 was cap-
tured by cells under treatment (Supplementary Figure S1D 
and E). After 6 days of treatment, we observed a signifi-
cant reduction in cell number compared with control, in 
U87-EGFRvIII, U87-EGFR, and U87 (Figure 1D–F). In agree-
ment with our previous results, EGFRvIII levels were sig-
nificantly reduced upon treatment with rh-sLRIG1 (Figure 
1G). In contrast, the level of wild-type EGFR was un-
changed in U87-EGFR (Figure 1H) and slightly increased 
in U87 (Figure 1I). Similar to what was observed for full-
length LRIG1,28 rh-sLRIG1 seems to affect more strongly 
on EGFRvIII expression compared with wild-type. EGFRvIII 
downregulation was concentration-dependent and most 
prominent 6  days after treatment, with 15  µg/mL giving 
the strongest effect (Supplementary Figure S1F and G). We 
further validated the anti-proliferative activity of rh-sLRIG1 
in patient-derived GBM stem-like cells (GSCs), growing as 
spheres in serum-free medium (Figure 1J). After 6  days 
of rh-sLRIG1 treatment, proliferation was significantly re-
duced in NCH465 (Figure 1J and K) and NCH601 (Figure 1J 
and L). EGFR expression remained unchanged in NCH465 
(Figure 1M), and undetectable in NCH601 (Figure 1N), fur-
ther supporting an EGFR-independent effect of sLRIG1. 
Similar to U87-EGFRvIII cells, the strongest effect was seen 
with 15 µg/mL rh-sLRIG1 (Supplementary Figure S1H and 
I). We validated the growth-inhibitory activity of rh-sLRIG1 
in different patient-derived organoids, derived from pa-
tients P3 (no EGFR amplification), T16 (EGFR-amplified) 
and T188 (EGFR-amplified), treated for 6  days in vitro 

before measuring Viability/Cytotoxicity. We observed that 
rh-sLRIG1 reduced the luminescence signal emitted from 
viable cells (referred to as “viability”) in P3, but also in T16 
and T188, in a concentration-dependent manner (Figure 
1O–Q). We attributed this effect to a reduced cell prolifera-
tion, since rh-sLRIG1 hardly induced cell death (referred to 
as “cytotoxicity”) below 30 µg/mL. Altogether, these results 
validate rh-sLRIG1 as an efficient compound endowed with 
antiproliferative activity against GBM, and suitable for sol-
uble application. The EGFR-independent effect was in line 
with our in vivo study,22 and prompted us to ask whether 
other RTKs might be involved in the functional impact of 
sLRIG1.

sLRIG1 Downregulates Multiple RTKs in GBM 
Cells, Including AXL

We performed a human phospho-RTK antibody array 
and observed that sLRIG1 expression or treatment with 
rh-sLRIG1 both reduced phosphorylation of known 
LRIG1 targets and numerous additional RTKs (Figure 2A; 
Supplementary Figure S1J and K). Western blot analysis 
showed that total protein level of ErbB2, Met, but also 
novel LRIG1 targets, e.g., PDGFRβ and AXL receptors 
were significantly reduced in NCH465 and NCH601 upon 
treatment with rh-sLRIG1 (Figure 2B and C). Noteworthy, 
AXL belongs to the TAM family of receptors (Tyro3-AXL-
Mer),29 is involved in epithelial-to-mesenchymal transition 
(EMT) in cancer,30 and is described as a regulator of cell 
migration/invasion, especially in GBM.31,32 Protein analysis 
showed that AXL levels were significantly downregulated 
by rh-sLRIG1 addition in U87-derived cells, independent 
of their EGFR status (Figure 2D), and also upon sLRIG1 
expression (Figure 2E). These results identify mul-
tiple novel LRIG1 targets. Among them, AXL receptor is 
downregulated at the protein level, independent of EGFR 
expression in the cells.

sLRIG1 Alters Cytoskeleton Organization and 
Reduces Cell Adhesion and Invasion In Vitro

To investigate the genome-wide impact of sLRIG1, we per-
formed transcriptomic analysis of sLRIG1 overexpressing 
cells. From 750 differentially expressed genes (DEGs) (FDR 
≤ 0.01, fold change ≥ |2|), the top DEGs were validated by 
qPCR (Supplementary Figure S2A–K). RTKs known to be 
targeted by LRIG1 were not downregulated at the mRNA 
level, neither after sLRIG1 overexpression (Supplementary 
Figure S2L) nor after rh-sLRIG1 treatment (Supplementary 
Figure S2M–O). Gene ontology (GO) analysis of the protein-
coding DEGs by WebGeSTALT indicated (1) cell adhesion, 
(2) extracellular matrix organization, and (3) migration as 
the main biological processes influenced by sLRIG1 (Figure 
3A; Supplementary Figure S3A). Heatmaps displaying 
DEGs in these enriched biological processes showed clear 
distinct clustering (Supplementary Figure S3B–D). The 
analysis of TCGA data via the GlioVis platform33 showed 
that in GBM patients, AXL expression is highly correl-
ated with most of the genes that are included in these GO 
categories, whereas EGFR shows a contrasting correlation 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
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Figure 1.  Soluble LRIG1 downregulates EGFRvIII but not wild-type EGFR, and reduces proliferation in GBM cells and patient-derived organoids. (A) 
Schematic representation of full-length LRIG1 and soluble LRIG1 (sLRIG1). sLRIG1 includes LRRs and Ig domains (A35-S779). (B) Overexpression of 
sLRIG1 in U87-EGFRvIII reduced proliferation (n = 3; P = .0001), and (C) downregulated EGFRvIII protein levels (n = 3; P = .0018). (D–F) Recombinant 
human soluble LRIG1 (rh-sLRIG1) decreased cell proliferation (cell number fold change to day of seeding) in U87-EGFRvIII (n = 8; P = .0028), U87-
EGFR (n = 3; P = .026) and U87 cells (n = 8; P = .0014) after 6 d of incubation. (G–I) rh-sLRIG1 decreased EGFRvIII protein levels in U87-EGFRvIII (n = 4; 
P = .0066), but not EGFR. (J) Treatment of GSCs with rh-sLRIG1 reduced sphere size and number (scale bar = 1 mm), resulting in a (K–L) decreased 
proliferation in NCH465 (n = 3; P = .007) and NCH601 (n = 3; P = .0005). (M–N) EGFR protein levels were unchanged in NCH465 (n = 3; P = 0.112) and 
not detected in NCH601. (O) rh-sLRIG1 decreases P3 viability in a concentration-dependent fashion (IC50Viab = 5 µg/mL), but has a cytotoxic effect 
only at high concentrations (IC50Tox = 31 µg/mL). Similar results were obtained for (P) T16 (IC50Viab = 16 µg/mL and IC50Tox = 30 µg/mL) and for (Q) 
T188 (IC50Viab =3 µg/mL and IC50Tox = 10 µg/mL). Four technical replicates were used for each condition, data are representative of two independent 
experiments. Scale bars = 100 µm.
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Figure 2.  Soluble LRIG1 downregulates multiple RTKs, including AXL. (A) Phospho-RTK antibody arrays were probed with extracts of U87-
EGFRvIII, U87-EGFRvIII-sLRIG1, or U87-EGFRvIII treated with 15 µg/mL rh-sLRIG1, and revealed a general decrease in RTK phosphorylation upon 
sLRIG1 expression/treatment. (B) Western-blot showed a significant reduction in total RTK levels after rh-sLRIG1 treatment, in NCH465 and espe-
cially in (C) NCH601: ErbB2 (n = 3; P = .001), PDGFRβ (n = 3; P < .0001), Met (n = 3; P = .0022), and AXL (n = 3; P = .0001). (D) rh-sLRIG1 reduced AXL 
protein levels in U87 (n = 4; P = .0002), U87-EGFR (n = 4; P = .002), U87-EGFRvIII (n = 4; P = .024). (E) AXL levels were reduced upon sLRIG1 expression 
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Figure 3.  Soluble LRIG1 alters cell adhesion, cytoskeleton organisation, and reduces invasion in vitro. (A) A comparative genome-wide expres-
sion analysis revealed 750 DEGs upon sLRIG1 expression in U87-EGFRvIII cells, and gene ontology analysis via WebGESTALT identified the enriched 
biological processes. (B) Analysis of TCGA data indicated a differential correlation of AXL and EGFR expression with the genes included in these 
GO terms (R > 0 in red, R < 0 in blue), in GBM patients (GBM-LGG cohort, RNAseq, GBM histology subgroup, n = 156). (C) U87-EGFRvIII-sLRIG1 cells 
formed clusters and showed elongated extensions (scale bar, left panels = 400 µm), redistribution of vimentin (green), and collapse of the actin 
cytoskeleton (violet) (scale bar, right panels = 20 µm). (D) Immunostainings indicated colocalization of AXL (green) with vinculin (blue) at the tip 
of actin filaments (violet) in U87-EGFRvIII, and NCH601 cells (scale bars: a = 20 µm, a′ = 10 µm). (E) A change in adhesion upon rh-sLRIG1 or R428 
treatment was shown by actin staining in NCH601 (scale bar = 100 µm). (F) Quantification of adherent/rounded cells showed a reduced adhesion 
after rh-sLRIG1 treatment (n = 3; P = .001). (G) A similar although lower reduction in adhesion was observed after R428 treatment (n = 3; P = .037). (H) 
Boyden chamber assay (16 h) demonstrated a reduced invasion of sLRIG1 expressing cells, compared with U87-EGFRvIII (n = 3; P = .0067). (I) A sim-
ilar reduction in invasion was observed after 6 d of treatment with rh-sLRIG1 (n = 6; P = .0012). Viability/Cytotoxicity assay shows a concentration-
dependent effect of R428 on (J) NCH601, (K) P3 organoids, and (L) T16 organoids.
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profile (Figure 3B). These results corroborated the mor-
phological changes observed in sLRIG1-expressing cells: 
they displayed a more condensed shape and formed 
clusters. We observed a reorganization of vimentin fila-
ments, and a collapse of the actin cytoskeleton (Figure 3C).  
Based on the involvement of AXL in cell adhesion and in-
vasion, we analyzed AXL contribution to GBM cell mor-
phology and confirmed its colocalization with vinculin 
at the tip of actin filaments (Figure 3D). AXL staining was 
associated with actin at cell protrusions in GBM cells, 
which were lost in the presence of sLRIG1 (Supplementary 
Figure S4A and B). We also studied the effect of rh-sLRIG1 
on the EGFR-negative GSC line NCH601 plated on ECM by 
quantifying the number of low-adherent (rounded) versus 
adherent cells. We found that rh-sLRIG1 treatment in-
duced a dramatic change in cell adhesion compared with 
IgG (Figure 3E and F), recapitulating the previous results. 
A similar albeit lower effect was observed upon treatment 
with the AXL inhibitor R428 compared with DMSO (Figure 
3E and G). These data prompted us to ask whether sLRIG1 
could also affect GBM cell invasion. We found that sLRIG1 
overexpression dramatically impaired cell invasion through 
an ECM-coated membrane (Figure 3H), and this effect was 
reproduced after treatment with rh-sLRIG1 (Figure 3I). 
Together with recent reports,34,35 these data endorse AXL as 
a regulator of cell motility, proliferation, and survival, and 
suggest that AXL might be involved in the cell remodelling 
observed upon sLRIG1 treatment. We further confirmed 
that AXL inhibition by R428 potently reduced cell viability in 
a concentration-dependent manner, in NCH601 cells and in 
P3 and T16 patient-derived organoids (Figure 3J–L).

At the Molecular Level, sLRIG1 Interferes With 
AXL But Not With EGFR Dimerization

Immunofluorescence staining indicated colocalization of 
AXL with LRIG1 in GBM cells (Figure 4A). By in situ prox-
imity ligation assay, we observed a relative increase in the 
number of interaction foci in sLRIG1 expressing cells, con-
firming a close interaction between both proteins (Figure 4B).  
Based on the observation that AXL was downregulated 
by LRIG1, whereas EGFR was not, we aimed to deter-
mine the differential mechanism of action. We assessed 
the real-time interaction between LRIG1 and RTKs, using 
a nanoluciferase-based complementation assay (NanoBiT, 
Promega)24 in GBM cells transfected with plasmids 
encoding for AXL or LRIG1, both C-terminally fused to a 
part of the luciferase enzyme (LgBiT or SmBiT; Figure 4C). 
As reported previously,36 AXL–AXL interaction (dimeriza-
tion) generated a strong signal, even in absence of ligand. 
Of note, the AXL-LRIG1 coupling also generated a strong 
signal, indicating putative protein–protein interaction. 
Such signal was not observed in the LRIG1–AXL configura-
tion, which might be explained by the different sizes of the 
C-terminal tails of the two proteins fused to the fragments of 
the split nanoluciferase (Figure 4D; Supplementary Figure 
S5A). In the presence of Gas6, AXL dimerization increased 
in a concentration-dependent manner (Figure 4E and F), 
but no ligand-induced increase in AXL-LRIG1 interaction 
was recorded for the two configurations tested (Figure 4F).  
To circumvent the possible bias linked to the size of the 

C-terminal tails of the proteins for efficient complemen-
tation, we monitored AXL dimerization in the presence of 
nontagged competitors that were introduced in increasing 
concentration (Figure 4G). In the presence of untagged 
AXL monomer in excess, the Gas6-induced signal increase 
could no longer be observed, indicating an interference 
with dimerization of the tagged receptors. Similar results 
were obtained with an excess of LRIG1, as well as in the 
presence of sLRIG1 (the secreted form of LRIG1; Figure 
4H; Supplementary Figure S5B). These results indicate that 
both sLRIG1 and full-length LRIG1 directly interact with 
AXL in a ligand-independent manner, resulting in impaired 
AXL dimerization. We applied the same approach to deter-
mine LRIG1 interaction with EGFR (Figure 4I). Without EGF, 
we observed ligand-independent dimerization of EGFR.37 
However, the low signal for EGFR-LRIG1 interaction indi-
cated a very low rate of molecular encountering (Figure 
4J), despite both proteins being expressed after transfec-
tion (Supplementary Figure S5C). In the presence of EGF, 
we observed a concentration-dependent increase in EGFR 
dimerization (Figure 4K and L), which was not observed 
for EGFR-LRIG1 and other couplings (Figure 4L). The signal 
corresponding to EGFR dimerization was abrogated upon 
excess of untagged EGFR competitor, but not affected by 
increasing amounts of LRIG1 or sLRIG1 (Figure 4M and N), 
indicating that they do not interfere with EGFR dimeriza-
tion. In summary, we demonstrate a direct protein–protein 
interaction of LRIG1 (and sLRIG1) with AXL, but not with 
EGFR, suggesting that LRIG1-induced downregulation of 
RTKs requires molecular interactions.

Discussion

As a negative regulator of RTKs, in particular EGFR and 
other members of the ErbB family, LRIG1 represents a 
promising anticancer agent for various malignancies, in-
cluding GBM. Our previous work showed that interstitial 
delivery of the soluble part of LRIG1 (sLRIG1) potently in-
hibited GBM growth in vivo independent of EGFR status,22 
suggesting that additional RTKs may be involved. In this 
study, we introduce recombinant human sLRIG1 protein 
(rh-sLRIG1) as an active protein, suitable for soluble appli-
cation. We show that rh-sLRIG1 efficiently affects growth 
and adhesion of GBM cells and patient-derived organoids, 
and has pan-RTK inhibition activity. We highlight AXL as a 
novel sLRIG1 target and show a direct LRIG1-AXL interac-
tion that appears to be required for receptor regulation.

Our findings enlarge the panel of LRIG1 targets to 10 
RTK members including EGFR, ErbB2, ErbB3, ErbB4, Met, 
Ret, Ron, PDGFRα, IGF1R14,38 and AXL, non-TK receptors,39 
and tumor-specific RTKs such as EGFRvIII. A  previous re-
port showed that LRIG1 expression induced a stronger 
downregulation of EGFRvIII protein levels compared with 
EGFR wild-type,28 which we confirm here with rh-sLRIG1 
treatment. The sensitivity of EGFRvIII to sLRIG1 contrasts 
with its resistance to small molecule inhibition,40 and likely 
attributable to its truncated ectodomain, possibly respon-
sible for a better interaction with sLRIG1, or to specific 
signaling related to its constitutive activity.41 Along the same 
line, a recent study showed that the tumor-suppressive 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdz024#supplementary-data
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Figure 4.  Soluble and full-length LRIG1 hinder ligand-induced dimerization of AXL but not of EGFR. (A) Immunofluorescent staining of AXL (vi-
olet) and LRIG1 (green) in U87-EGFRvIII, indicating colocalization (scale bar = 20 µm). (B) In situ proximity ligation assay for AXL and LRIG1 (scale 
bar = 20 µm). The relative number of interaction foci was increased upon sLRIG1 expression (n = 3; P = .033). (C) Design of NanoBiT complementa-
tion assay for the study of LRIG1-AXL interaction. (D) The area under the curve (AUC) provided by the complementation was high for AXL–AXL cou-
pling, but also for AXL–LRIG1, suggesting interaction. (E) Gas6 increased AXL dimerization in a concentration-dependent way (n = 3; EC50 = 0.6 nM). 
(F) Application of 10 nM Gas6 (15 min) recapitulated AXL dimerization (n = 3; P = .010) but did not modify the signal corresponding to AXL–LRIG1, 
LRIG1–AXL, or LRIG1–LRIG1. (G) Competition experiments were designed to monitor AXL dimerization in the presence of nontagged competitors. 
(H) AXL dimerization was maintained in absence of competitor (n = 4; P = .0008), but reduced in presence of 2X (n = 4; P = .19) and 9X (n = 4; P = .89) 
unlabeled AXL. Dimerization was abolished in presence of 2X (n = 4; P = .13) and 9X (n = 4; P = 0.96) LRIG1. Upon 2X soluble LRIG1, AXL dimerization 
was still significant (n = 4; P = .026), but back to baseline upon 9X soluble LRIG1 (n = 4; P = .522). (I) Design of NanoBiT complementation study of 
LRIG1 interaction with EGFR. (J) The AUC was high for EGFR–EGFR coupling, but not for EGFR–LRIG1 nor LRIG1–EGFR. (K) EGF increases EGFR di-
merization in a concentration-dependent way (n = 3; EC50 = 1.40 nM). (L) Application of 10 nM EGF (10 min) recapitulated EGFR dimerization (n = 3; 
P < 0.0001) but did not modify the signal for EGFR–LRIG1, LRIG1–EGFR, or LRIG1–LRIG1. (M) Competition experiments were applied to monitor EGFR 
dimerization in the presence of non-tagged competitors. (N) Dimerization was maintained in absence of competitor (n = 7; P = .003) and in presence 
of 4X EGFR, (n = 7; P = .0006) but abolished upon 18X (n = 7; P = .82) EGFR competitor. EGFR dimerization was maintained in presence of 4X (n = 4; 
P = .033) and 9X (n = 4; P = .08) LRIG1. Similarly, dimerization was significant upon 4X (n = 4; P = .016) and 18X (n = 4; P = .016) soluble LRIG1.
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effect of LRIG1 was stronger in lung cancer cells harboring 
EGFR mutations, compared with EGFR wild-type cells.38 
Our results show that sLRIG1 does not interact with EGFR, 
but its interaction with EGFRvIII could not be firmly tested 
in our assay (this receptor does not respond to ligand). 
In the case of AXL, our results strongly correlate the pro-
tein–protein interaction (and interference with receptor 
dimerization) with the RTK downregulation at the protein 
level. We speculate that (soluble) LRIG1 exerts a receptor-
specific anticancer activity that might be depending on re-
ceptor sequence, 3D-structure, or third-party interactors. 
The signaling events that occur downstream of LRIG1-RTK 
interactions can therefore be diversified accordingly and 
need to be comprehensively untangled.

We show that rh-sLRIG1 not only affects cell prolifera-
tion but impairs adhesion and invasion. The cytoskeleton 
plays a pivotal role in cell adhesion, intracellular organi-
zation, differentiation, and division, and cytoskeleton de-
fects directly affect cell survival.42 RTKs are recognized 
modulators of actin dynamics and other cytoskeleton pro-
teins. Among them, AXL modulates actin polymerisation, 
promotes cell-matrix adhesion, connects with focal ad-
hesions in lung cancer, Schwannoma or GBM cells,34,35,43 
and is generally associated with a migratory phenotype. 
Here, we confirm that AXL inhibition affects GBM cell ad-
hesion, which may underlie the sLRIG1 effect, although at 
this stage we cannot rule out additional AXL-independent 
effects. Our data also show that sLRIG1 affects GBM cell 
invasion, but the extent of RTK involvement remains to be 
elucidated. EGFR, EGFRvIII, and AXL contribute to GBM 
invasion (either individually or in combination),4,44 while 
concurrently affecting other cell phenotypes.45

The redundancy of RTK signaling and the development 
of resistance to targeted RTK inhibitors are well-known 
challenges in cancer. Several reports indicated AXL as a 
major driver of resistance to anti-EGFR therapies, e.g., in 
lung cancer46 and in GBM.47 At the molecular level, AXL-
EGFR heterodimerization or transactivation diversify 
downstream signaling into additional pathways, beyond 
those triggered by individual receptors, which limits the 
efficacy of EGFR targeting strategies44,48 and stresses the 
potential of AXL inhibition in the treatment of EGFR-driven 
GBM. With regard to the dismal outcome of RTK-targeting 
in GBM, a broader perspective on RTK inhibition could be 
considered. Pan-RTK targeting based on drug combination 
approaches,49 Pan-ErbB inhibitors,50 or antibodies51 was 
shown to overcome resistance and to suppress tumori-
genesis more efficiently than single receptor targeting. We 
have demonstrated that sLRIG1 is endowed with pan-RTK 
inhibitory activity, and may be a valid candidate in this 
context. Ultimately, a better insight in the molecular deter-
minants of sLRIG1 activity will help us to design a more 
effective and clinically suitable sLRIG1-based therapeutic 
against RTK-dependent cancers.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
Advances online

Keywords 

AXL | EGFR | glioblastoma | LRIG1 | receptor tyrosine kinase

Funding

This work was supported by Télévie Belgium-Luxembourg 
(7464715, 7463117, 7456814, 7461515 [to V.N.  and S.P.N.]), 
Luxembourg National Research Fund (Nanokine-15/10358798, 
AFR-3004509, and PRIDE-11012546 “NextImmune” [to M.S., 
M.M., and A.C.]), and German Cancer Consortium (DKTK), 
German Research Foundation (DFG) Collaborative Research 
Centers 1080 (A03) and 1292 (TP09) to M.H.H.S. This work 
was funded by the Télévie Belgium-Luxembourg (7.4647.15, 
7.4631.17, 7.4568.14, and 7.4615.15, 7.8513.18), the Luxembourg 
National Research Fund (Nanokine-15/10358798, AFR-3004509, 
and PRIDE-11012546 “NextImmune”), and the German Cancer 
Consortium and the German Research Foundation Collaborative 
Research Centers 1080 (A03) and 1292 (TP09).

Acknowledgments

We thank M. Adrian-Allgood, N. Beaupain, and M. Counson for 
technical assistance, and acknowledge The Cancer Genome 
Atlas project for free access to patient data. NCH cell lines and 
EGFR-expressing cells were kindly provided by Dr. C.  Herold-
Mende (University of Heidelberg) and Dr. F.  Furnari (Ludwig 
Institute for Cancer Research, La Jolla), respectively.

Conflict of interest statement. None declared.

Authorship statement: Experimental design: V.N., M.H.H.S., 
and S.N. Experimental work: V.N., A.H., A.S., K.T., E.K., A.M., 
M.S., and M.M. Data analysis: V.N., A.H., S.F., P.V.N., A.M., and 
A.C. Data interpretation: V.N., A.H., A.S., S.F., A.C., and S.N. 
Manuscript writing: V.N., A.H., A.S., S.F., K.T., P.V.N., A.M., M.S., 
M.M., A.C., M.H.H.S., and S.N.

References

1.	 Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. 
Cell. 2010;141(7):1117–1134.

2.	 Cancer Genome Atlas Research N. Comprehensive genomic character-
ization defines human glioblastoma genes and core pathways. Nature. 
2008;455(7216):1061–1068.

3.	 Ekstrand AJ, Sugawa N, James CD, Collins VP. Amplified and rearranged 
epidermal growth factor receptor genes in human glioblastomas reveal 
deletions of sequences encoding portions of the N- and/or C-terminal 
tails. Proc Natl Acad Sci U S A. 1992;89(10):4309–4313.



11Neirinckx et al. sLRIG1 targets AXL in glioblastoma
N

eu
ro-O

n
colog

y 
A

d
van

ces

4.	 Keller S, Schmidt MHH. EGFR and EGFRvIII promote angiogenesis and 
cell invasion in glioblastoma: combination therapies for an effective 
treatment. Int J Mol Sci. 2017;18(6)..

5.	 Fan QW, Cheng CK, Gustafson WC, et al. EGFR phosphorylates tumor-
derived EGFRvIII driving STAT3/5 and progression in glioblastoma. 
Cancer Cell. 2013;24(4):438–449.

6.	 Greenall  SA, Donoghue  JF, Van  Sinderen  M, et  al. EGFRvIII-mediated 
transactivation of receptor tyrosine kinases in glioma: mechanism and 
therapeutic implications. Oncogene. 2015;34(41):5277–5287.

7.	 Li  L, Puliyappadamba VT, Chakraborty S, et al. EGFR wild type antag-
onizes EGFRvIII-mediated activation of Met in glioblastoma. Oncogene. 
2015;34(1):129–134.

8.	 Brown  PD, Krishnan  S, Sarkaria  JN, et  al.; North Central Cancer 
Treatment Group Study N0177. Phase I/II trial of erlotinib and 
temozolomide with radiation therapy in the treatment of newly diag-
nosed glioblastoma multiforme: North Central Cancer Treatment Group 
Study N0177. J Clin Oncol. 2008;26(34):5603–5609.

9.	 Weller  M, Butowski  N, Tran  DD, et  al.; ACT IV trial investigators. 
Rindopepimut with temozolomide for patients with newly diagnosed, 
EGFRvIII-expressing glioblastoma (ACT IV): a randomised, double-blind, 
international phase 3 trial. Lancet Oncol. 2017;18(10):1373–1385.

10.	 Neyns  B, Sadones  J, Joosens  E, et  al. Stratified phase II trial of 
cetuximab in patients with recurrent high-grade glioma. Ann Oncol. 
2009;20(9):1596–1603.

11.	 Schulte  A, Liffers  K, Kathagen  A, et  al. Erlotinib resistance in EGFR-
amplified glioblastoma cells is associated with upregulation of EGFRvIII 
and PI3Kp110δ. Neuro Oncol. 2013;15(10):1289–1301.

12.	 Ma  Y, Tang  N, Thompson  RC, et  al. InsR/IGF1R pathway medi-
ates resistance to EGFR inhibitors in glioblastoma. Clin Cancer Res. 
2016;22(7):1767–1776.

13.	 Akhavan  D, Pourzia  AL, Nourian  AA, et  al. De-repression of 
PDGFRβ transcription promotes acquired resistance to EGFR ty-
rosine kinase inhibitors in glioblastoma patients. Cancer Discov. 
2013;3(5):534–547.

14.	 Neirinckx V, Hedman H, Niclou SP. Harnessing LRIG1-mediated inhibition 
of receptor tyrosine kinases for cancer therapy. Biochim Biophys Acta 
Rev Cancer. 2017;1868(1):109–116.

15.	 Hedman  H, Nilsson  J, Guo  D, Henriksson  R. Is LRIG1 a tumour sup-
pressor gene at chromosome 3p14.3? Acta Oncol. 2002;41(4):352–354.

16.	 Mao F, Holmlund C, Faraz M, et al. Lrig1 is a haploinsufficient tumor sup-
pressor gene in malignant glioma. Oncogenesis. 2018;7(2):13.

17.	 Wong VW, Stange DE, Page ME, et al. Lrig1 controls intestinal stem-
cell homeostasis by negative regulation of ErbB signalling. Nat Cell Biol. 
2012;14(4):401–408.

18.	 Powell AE, Wang Y, Li Y, et al. The pan-ErbB negative regulator Lrig1 is 
an intestinal stem cell marker that functions as a tumor suppressor. Cell. 
2012;149(1):146–158.

19.	 Lindquist  D, Kvarnbrink  S, Henriksson  R, Hedman  H. LRIG and cancer 
prognosis. Acta Oncol. 2014;53(9):1135–1142.

20.	 Yi W, Holmlund C, Nilsson J, et al. Paracrine regulation of growth factor 
signaling by shed leucine-rich repeats and immunoglobulin-like domains 
1. Exp Cell Res. 2011;317(4):504–512.

21.	 Goldoni S, Iozzo RA, Kay P, et al. A soluble ectodomain of LRIG1 inhibits 
cancer cell growth by attenuating basal and ligand-dependent EGFR ac-
tivity. Oncogene. 2007;26(3):368–381.

22.	 Johansson M, Oudin A, Tiemann K, et al. The soluble form of the tumor 
suppressor Lrig1 potently inhibits in vivo glioma growth irrespective of 
EGF receptor status. Neuro Oncol. 2013;15(9):1200–1211.

23.	 Bougnaud  S, Golebiewska  A, Oudin  A, et  al. Molecular crosstalk be-
tween tumour and brain parenchyma instructs histopathological fea-
tures in glioblastoma. Oncotarget. 2016;7(22):31955–31971.

24.	 Dixon AS, Schwinn MK, Hall MP, et al. NanoLuc complementation re-
porter optimized for accurate measurement of protein interactions in 
cells. ACS Chem Biol. 2016;11(2):400–408.

25.	 Szpakowska  M, Meyrath  M, Reynders  N, et  al. Mutational analysis 
of the extracellular disulphide bridges of the atypical chemokine re-
ceptor ACKR3/CXCR7 uncovers multiple binding and activation modes 
for its chemokine and endogenous non-chemokine agonists. Biochem 
Pharmacol. 2018;153:299–309.

26.	 Szpakowska M, Nevins AM, Meyrath M, et al. Different contributions of 
chemokine N-terminal features attest to a different ligand binding mode 
and a bias towards activation of ACKR3/CXCR7 compared with CXCR4 
and CXCR3. Br J Pharmacol. 2018;175(9):1419–1438.

27.	 Xu Y, Soo P, Walker F, et al. LRIG1 extracellular domain: structure and 
function analysis. J Mol Biol. 2015;427(10):1934–1948.

28.	 Stutz MA, Shattuck DL, Laederich MB, Carraway KL 3rd, Sweeney C. 
LRIG1 negatively regulates the oncogenic EGF receptor mutant EGFRvIII. 
Oncogene. 2008;27(43):5741–5752.

29.	 Wu G, Ma Z, Hu W, et al. Molecular insights of Gas6/TAM in cancer de-
velopment and therapy. Cell Death Dis. 2017;8(3):e2700.

30.	 Antony J, Huang RY. AXL-Driven EMT state as a targetable conduit in 
cancer. Cancer Res. 2017;77(14):3725–3732.

31.	 Vouri  M, An  Q, Birt  M, Pilkington  GJ, Hafizi  S. Small molecule in-
hibition of Axl receptor tyrosine kinase potently suppresses mul-
tiple malignant properties of glioma cells. Oncotarget. 2015;6(18): 
16183–16197.

32.	 Vajkoczy  P, Knyazev  P, Kunkel  A, et  al. Dominant-negative inhibi-
tion of the Axl receptor tyrosine kinase suppresses brain tumor cell 
growth and invasion and prolongs survival. Proc Natl Acad Sci U S A. 
2006;103(15):5799–5804.

33.	 Bowman RL, Wang Q, Carro A, Verhaak RG, Squatrito M. GlioVis data 
portal for visualization and analysis of brain tumor expression datasets. 
Neuro Oncol. 2017;19(1):139–141.

34.	 Yu M, Li W, Wang Q, Wang Y, Lu F. Circadian regulator NR1D2 regulates 
glioblastoma cell proliferation and motility. Oncogene. 2018..

35.	 Ammoun S, Provenzano L, Zhou L, et al. Axl/Gas6/NFkappaB signalling 
in schwannoma pathological proliferation, adhesion and survival. 
Oncogene. 2014; 33(3):336–346.

36.	 Burchert A, Attar EC, McCloskey P, Fridell YW, Liu ET. Determinants for 
transformation induced by the Axl receptor tyrosine kinase. Oncogene. 
1998; 16(24):3177–3187.

37.	 Yu  X, Sharma  KD, Takahashi  T, Iwamoto  R, Mekada  E. Ligand-
independent dimer formation of epidermal growth factor receptor (EGFR) 
is a step separable from ligand-induced EGFR signaling. Mol Biol Cell. 
2002; 13(7):2547–2557.

38.	 Torigoe H, Yamamoto H, Sakaguchi M, et al. Tumor-suppressive effect 
of LRIG1, a negative regulator of ErbB, in non-small cell lung cancer har-
boring mutant EGFR. Carcinogenesis. 2018;39(5):719–727.

39.	 Gumienny  TL, Macneil  L, Zimmerman  CM, et  al. Caenorhabditis 
elegans SMA-10/LRIG is a conserved transmembrane protein that en-
hances bone morphogenetic protein signaling. PLoS Genet. 2010;6(5): 
e1000963.

40.	 Learn CA, Hartzell TL, Wikstrand CJ, et al. Resistance to tyrosine kinase 
inhibition by mutant epidermal growth factor receptor variant III con-
tributes to the neoplastic phenotype of glioblastoma multiforme. Clin 
Cancer Res. 2004;10(9):3216–3224.

41.	 Johnson H, Del Rosario AM, Bryson BD, Schroeder MA, Sarkaria JN, 
White  FM. Molecular characterization of EGFR and EGFRvIII signaling 
networks in human glioblastoma tumor xenografts. Mol Cell Proteomics. 
2012;11(12):1724–1740.

42.	 Hall  A. The cytoskeleton and cancer. Cancer Metastasis Rev. 
2009;28(1–2):5–14.



 12 Neirinckx et al. sLRIG1 targets AXL in glioblastoma

43.	 Iida K, Sakai R, Yokoyama S, et al. Cell softening in malignant progres-
sion of human lung cancer cells by activation of receptor tyrosine kinase 
AXL. Scientific Reports. 2017;7(1):17770.

44.	 Vouri M, Croucher DR, Kennedy SP, An Q, Pilkington GJ, Hafizi S. Axl-EGFR 
receptor tyrosine kinase hetero-interaction provides EGFR with access to 
pro-invasive signalling in cancer cells. Oncogenesis. 2016;5(10):e266.

45.	 Gao CF, Xie Q, Su YL, et al. Proliferation and invasion: plasticity in tumor 
cells. Proc Natl Acad Sci U S A. 2005;102(30):10528–10533.

46.	 Zhang Z, Lee JC, Lin L, et al. Activation of the AXL kinase causes re-
sistance to EGFR-targeted therapy in lung cancer. Nat Genet. 
2012;44(8):852–860.

47.	 Guo G, Gong K, Ali S, et al. A TNF-JNK-Axl-ERK signaling axis mediates 
primary resistance to EGFR inhibition in glioblastoma. Nat Neurosci. 
2017;20(8):1074–1084.

48.	 Meyer  AS, Miller  MA, Gertler  FB, Lauffenburger  DA. The receptor 
AXL diversifies EGFR signaling and limits the response to EGFR-
targeted inhibitors in triple-negative breast cancer cells. Sci Signal. 
2013;6(287):ra66.

49.	 Huang  PH, Mukasa  A, Bonavia  R, et  al. Quantitative analysis of 
EGFRvIII cellular signaling networks reveals a combinatorial ther-
apeutic strategy for glioblastoma. Proc Natl Acad Sci U S A. 2007; 
104(31):12867–12872.

50.	 Moll HP, Pranz K, Musteanu M, et al. Afatinib restrains K-RAS-driven 
lung tumorigenesis. Sci Transl Med. 2018;10(446).

51.	 Jacobsen  HJ, Poulsen  TT, Dahlman  A, et  al. Pan-HER, an antibody 
mixture simultaneously targeting EGFR, HER2, and HER3, effec-
tively overcomes tumor heterogeneity and plasticity. Clin Cancer Res. 
2015;21(18):4110–4122.


