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Abstract

The EGFR is a prime oncogene that is frequently amplified in GBM. Here, we demonstrate a 

new tumour suppressive function of EGFR in EGFR-amplified GBMs regulated by EGFR ligands. 

Constitutive EGFR signaling promotes invasion via activation of a TAB1-TAK1-NF-κB-EMP1 

pathway, resulting in large tumours and worse survival in orthotopic models. Ligand-activated 

EGFR promotes proliferation, and surprisingly, suppresses invasion by upregulating BIN3 which 

inhibits a DOCK-7 Rho GTPase pathway, resulting in small hyper-proliferating noninvasive 

tumours and improved survival. TCGA data reveal that in EGFR amplified GBMs, a low level 

of EGFR ligands confers a worse prognosis, while a high level of EGFR ligands confers an 

improved prognosis. Thus, increased EGFR ligand shifts the role of EGFR from oncogene to 

tumour suppressor in EGFR amplified GBMs by suppressing invasion. The tumour suppressive 

function of EGFR can be activated therapeutically by using tofacitinib, which suppresses invasion 

by increasing EGFR ligand and upregulating BIN3.
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Introduction

Glioblastoma (GBM) is a highly invasive cancer. Receptor tyrosine kinases such as EGFR 

play a particularly important role in GBM invasion and act in part through cytoskeletal 
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reorganization mediated by the Rho GTPase family. The epidermal growth factor receptor 

(EGFR) is a prime oncogene in GBM. EGFR ligands are known to be variably expressed 

in GBMs1–3. There is substantial evidence suggesting that the EGFR is an important 

oncogenic driver in GBM 4, 5. However, multiple clinical trials of EGFR targeting have 

failed in GBM 6, 7. EGFR activation is thought to play a uniformly oncogenic role in GBM. 

EGFR gene amplification is found in the classical subtype of GBM8, and is detected in 

40–50% of GBMs, resulting in EGFR overexpression. EGFR is also expressed without 

gene amplification and is detectable in the majority of GBMs 4, 9. Both EGFR wild type 

(EGFRwt) and constitutively active oncogenic and pro-invasive mutants such as EGFRvIII 

are expressed 10, 11. EGFRwt is also oncogenic and 12, 13 may be activated by ligand binding 

or signal constitutively when overexpressed in cancer 2, 13, 14. EGFRwt and EGFRvIII are 

usually expressed in the same tumour and may activate each other 1, 5, 9, 15, 16. Constitutive 

signaling is defined here as signaling triggered by EGFR expression in GBM leading to 

spontaneous dimerization and downstream signaling in the absence of EGFR ligand 14, 17. 

We have previously reported that that constitutive and ligand-induced EGFR signaling 

trigger distinct and non-overlapping signaling pathways 2, 17.

We have previously identified Bridging integrator 3 (BIN3) as a protein that is highly 

induced by ligand-dependent EGFR signaling1. BIN3 is a member of the Bin-Ampiphysin-

Rvs (BAR) domain family of proteins that regulate membrane and actin dynamics. BIN3 

is ubiquitously expressed and conserved throughout evolution. BAR domain proteins 

also regulate Rho GTPases that are involved in GBM invasion22, 24, 25. BIN3 maps to 

chromosome 8p21.3 a tumour suppressor region that is often deleted in non-Hodgkin’s 

lymphoma and other epithelial cancers 26–28. BIN3 deletion in mice results in increased 

susceptibility to lymphoma 29.

Seven EGFR ligands are expressed in GBM. EGFR ligands vary in their binding affinity, 

their kinetics and their function 31, 32. It is currently believed that the presence or level of 

expression of EGFR ligand(s) in a particular GBM tumour does not have clinical utility, 

and consequently, is ignored in clinical practice. In this study, we describe a new tumour 

suppressor function of EGFR in EGFR amplified GBMs that is driven by ligand-dependent 

EGFR signaling.

Results

Constitutive vs. ligand-induced EGFR signaling elicits distinct biological responses in 
glioma cells

To understand the biological consequences of constitutive vs. ligand induced EGFR 

mediated RTK signaling, we examined the effect of EGF on glioma cell invasion using 

a panel of Mayo PDX lines33 (Fig. 1a, Extended Data Fig. 1a) or primary GBM neurosphere 

cultures (Fig. 1a). Surprisingly, addition of EGFR ligands suppressed invasion in multiple 

lines expressing EGFRwt or EGFRvIII plus EGFRwt using a transwell invasion assay (Fig. 

1b, Extended Data Fig. 1b–h). siRNA knockdown of EGFR abolished the inhibitory effect 

of EGF on invasion indicating that the invasion effect is mediated specifically through the 

EGFR (Fig. 1c–f). Furthermore, siRNA to EGFR without added EGF suppressed invasion 

demonstrating that the EGFR is driving basal invasion (Fig. 1c–f). The low level of EGFR 
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remaining in the EGFR silenced cells is likely to be EGFRvIII and does not generate 

ligand-mediated signals (Extended Data Fig. 1i). Additionally, rescue experiments with 3’ 

UTR targeted siRNA demonstrate that the decreased invasion in EGFR siRNA knockdown 

cells is abolished following EGFRwt or EGFRvIII overexpression (Fig. 1g–h). Erlotinib, an 

EGFR TKI, also suppresses invasion (Fig. 1i–j). Erlotinib suppressed invasion transiently 

and invasion returns to baseline in 48 hours (Fig. 1i–j, Extended Data Fig. 1k–o), likely 

because of adaptive responses triggered by EGFR inhibition34–38. Overexpression of EGFR 

increased invasion but if EGF is added, invasion is suppressed (Fig. 1k–l). A scratch 

wound healing assay and a 3D matrigel invasion assay confirmed that EGF suppresses 

invasion (Fig. 1t–u, Extended Data Fig. 1z–aa). We also examined signaling events in 

GBM14 cells, which do not express endogenous EGFR by expressing EGFRwt (Extended 

Data Fig. 1t–u). Importantly, the invasiveness of GBM overexpressing EGFR cells without 

ligand is unaffected by cetuximab, an anti-EGFR mAb (Extended Data Fig. 1p–s), although 

cetuximab pretreatment blocks EGF mediated suppression of invasion (Extended Data 

Fig. 1v–w). Additionally, expression of EGFRvIII in GBM14 cells also enhances invasion 

(Extended Data Fig. 1x–y).

Prior studies have reported that addition of EGF results in increased invasiveness of glioma 

cell lines 39–42. These studies used established GBM cell lines that tend to lose the 

EGFR amplification 43, 44. Mayo PDX lines and neurospheres tend to retain the EGFR 

amplification43, 44. We also found that exposing low EGFR expressing cells to EGF leads 

to increased invasion. However, when the EGFR is overexpressed in these lines, invasion is 

suppressed by EGF (Fig. 2a–g). Conversely, reducing EGFR levels using different doses of 

siRNA produces a reversal of the effect of ligand from suppression to promotion of invasion 

(Fig. 2h–i), suggesting that it is the level of EGFR expression that determines whether 

the outcome of ligand-dependent EGFR signaling is increased or decreased invasion. EGF 

has been reported to promote invasion in non-glioma high EGFR expressing cancer cell 

lines such as A431 cells by a dephosphorylation of FAK45. We found an increase in FAK 

phosphorylation in response to EGF in GBM lines, while in A431 cells FAK is indeed 

dephosphorylated (Extended Data Fig. 2a). Thus, there are cell type specific differences in 

the effects of EGFR signaling on invasion.

Next, we injected GBM12 cells into a live mouse brain and confirmed that EGF suppressed 

invasion in glioma cells using an in vivo intravital microscopy experiment (Fig. 1v–w). EGF 

did not induce cell death (Extended Data Fig. 2b). Overexpression of EGFRwt in GBM lines 

failed to increase proliferation in the absence of ligand (Extended Data Fig. 2c–d). However, 

EGF induced proliferation in multiple lines expressing high or low EGFR (Fig. 1o, Fig. 2j),

Ligand-activated EGFR mediated suppression of invasion is mediated by upregulation of 
BIN3

To uncover the downstream signaling mechanisms underlying the effect of EGFR on 

glioma cell invasion, we examined RNA microarray data from a previous study1. BIN3 

was prioritized because it is the most highly upregulated gene when EGF is added (19.2 

fold)1, and has a known role in actin organization 46. We confirmed that EGF induced a 

robust increase in BIN3 by Western blot and qPCR (Fig. 1p–q) that is abolished by siRNA 
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knockdown of the EGFR (Fig. 2k). Importantly, siRNA knockdown of BIN3 blocked the 

ability of EGF to downregulate GBM invasiveness (Fig. 1r–s, and Fig. 2l–m)., Importantly, 

in low EGFR expressing lines in which EGF induces invasion, BIN3 is not upregulated 

(Fig. 2a–g). Since our previous study used an established GBM cell line, we also confirmed 

the EGF-induced upregulation of BIN3 by RNA-seq in GBM12 cells (Extended Data Fig. 

2e). Also, overexpression of BIN3 results in decreased invasion that is not further decreased 

by EGF (Fig. 3a–b, Extended Data Fig. 3a–b). Overexpression of BIN3 does not affect 

proliferation or cell death (Extended Data Fig. 2f–h). Next, we identified EGR1 as a highly 

EGF-induced (13.68 fold) gene from our previous study1. EGR1 sites are present in the 

BIN3 promoter (Extended Data Fig. 3c). The upregulation of EGR1 and its activation was 

confirmed by reporter and ChiP assays (Fig. 3c–d, Extended Data Fig. 3d–e). Importantly, 

siRNA knockdown of EGR1 blocked the ability of EGF to induce BIN3, and to suppress 

invasion (Fig. 3e–g).

BIN3 downregulates invasion via interaction with DOCK7 and inhibition of Rho GTPases

Next, we undertook mass spectrometry to identify proteins associating with BIN3 

(Supplementary Table 1). We prioritized an investigation of DOCK7 (dedicator of 

cytokinesis 7), a member of the DOCK180 family of atypical Rac/Cdc42 guanine nucleotide 

exchange factors 47, based on a role in neuronal precursor migration48, and in HGF-induced 

glioblastoma cell invasion via Rac activation49, 50. EGF induced an association between 

DOCK7 and BIN3 in co-immunoprecipitation experiments (Fig. 3h–i). We hypothesized that 

DOCK7 constitutively activates Rho GTPases and is inhibited by association with BIN3. 

We found that siRNA knockdown of RhoA and CDC42 leads to decreased invasiveness 

(Extended Data Fig. 3f–h). Increased expression of DOCK7 results in increased invasiveness 

and increased activity of Rho GTPases (Extended Data Fig. 2i–j). Conversely, siRNA 

knockdown of DOCK7 results in decreased invasiveness and decreased activity of Rho 

GTPases (Fig. 3j–k, Extended Data Fig. 3i). Addition of EGF did not decrease invasiveness 

or RhoGTPase activity further in DOCK7 siRNA knockdown cells indicating that DOCK7 

is downstream of BIN3 (Fig. 3j–k). siRNA knockdown of DOCK7 has no effect on viability 

of cells (Extended Data Fig. 3j–k). Next, we found that EGF decreases the activity of both 

RhoA and Cdc42 (Fig. 3l–m). Rac is not detectable in these cells (Extended Data Fig. 3l). 

Importantly, siRNA knockdown of BIN3 or EGR1 results in a loss of the EGF-mediated 

downregulation of Rho GTPase activity (Fig. 3e–f, 3l–m). EGF induces decreased activity 

of DOCK7 and this is blocked by siRNA knockdown of BIN3 (Fig. 3n). Overexpression of 

Rho GTPases blocked the EGF induced suppression of invasion (Extended Data Fig. 2k–m). 

Unlike EGF, HGF increased invasiveness, induced Met phosphorylation, did not induce an 

association between BIN3 and DOCK7, and increased RhoA activity without affecting BIN3 

levels (Extended Data Fig. 3m–p).

Ligand-mediated activation of EGFR results in tyrosine phosphorylation of DOCK7

A previous study has reported tyrosine phosphorylation of DOCK7 on Y1118 in Schwann 

cells51 We found that EGF induces a tyrosine phosphorylation of DOCK7 on Y1118 in 

GBM cells (Fig. 3o–p). Mutation of the Y1118 site on DOCK7 result in a loss of tyrosine 

phosphorylation of DOCK7 in response to EGF and the DOCK7 Y1118F mutant fails 

to bind to BIN3 in response to EGF (Fig. 3q–r). These data suggest that the tyrosine 
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phosphorylation of DOCK7 and an upregulation of BIN3 by EGFR are both important for 

the DOCK7 and BIN3 association. We did not detect any tyrosine phosphorylation of BIN3 

(Fig. 3s).

Effects of constitutive vs. ligand-activated EGFR signaling in vivo

Next, we examined the impact of EGFR ligand on GBM invasion in an orthotopic mouse 

model. To induce ligand activation of EGFR in vivo, Mayo PDX GBM12 (EGFRwt) or 

GBM9 neurospheres (EGFRwt plus EGFRvIII) were stably transfected with TGFα (Fig. 4a, 

Extended Data Fig. 4a). Since the loss of EGFR amplification in glioma cells in culture has 

been reported, we confirmed that the EGFR level and EGFR copy number in Mayo PDX 

lines that have been stably transfected are similar to the parental cells (Extended Data Fig 

4b–c). Additionally, we cultured Mayo PDX lines in serum containing medium for up to 

2 months and found no reduction in EGFR copy number or expression level or effect on 

invasion (Extended Data Fig. 4d–f).

TGFα transfected GBM12 cells or GBM9 neurospheres were injected intracranially in 

athymic mice, followed by a survival analysis. Increased ligand availability resulted in 

improved survival (Fig. 4b, Extended Data Fig. 4g) and a sharp decrease in invasiveness 

as assessed by H&E staining and by staining for disruption of mouse neurofilament (Fig. 

4c–d, Extended Data Fig. 4h–i), Proliferation is increased in TGFα expressing tumours (Fig. 

4e–f, Extended Data Fig. 4j–k). EGFR levels and copy number were retained in tumours 

derived from stably transfected cells (Extended Data Fig. 4l–m). Also, serial MRI imaging 

of tumours reveals much smaller tumours with TGFα expression (Fig. 4g–h). Additionally, 

exogenous infusion of EGF also resulted in smaller tumours that were noninvasive (Fig. 

4i–k). Similar results were found with stable expression of EGF (Extended Data Fig. 4s–y). 

EGFR ligand did not increase cell death (Extended Data Fig. 4z–cc).

BIN3 is required for ligand-induced EGFR effects on GBM invasion in vivo

Stable overexpression of BIN3 results in decreased invasiveness in transwell invasion assays 

(Extended Data Fig. 4n–o) and resulted in a better prognosis and non-invasive tumours in 

an orthotopic mouse model (Extended Data Fig. 4p–r). EGFR copy numbers and levels 

were maintained in BIN3 overexpressing mouse tumours (Extended Data Fig. 4l–m). Next, 

BIN3 was stably silenced in GBM12TGFα cells (Fig. 4l). We examined the effects of BIN3 

silencing in GBM12TGFa cells on key signals such as phosphorylation of the EGFR, BIN3 

and Rho GTPase activity (Fig. 4m). BIN3 silencing in GBM12TGFα overexpressing cells 

resulted in increased invasiveness (Fig. 4n) and formation of invasive tumours and a worse 

prognosis (Fig. 4o–q).

Constitutive EGFR signaling drives invasion by upregulating EMP1

Constitutive EGFR signaling does not significantly affect BIN3 levels (Fig. 5a). We 

previously identified epithelial membrane protein 1 (EMP1) as a gene upregulated by 

constitutive EGFR signaling1 and confirmed its upregulation by constitutive EGFRwt 

or EGFRvIII expression but not ligand-activated EGFR (Figure 5a–c). EMP1 activates 

RhoGTPases and may play a key role in cancer invasiveness 53. siRNA mediated knockdown 

of EMP1 resulted in a loss of invasiveness resulting from EGFR expression in GBM lines 
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(Fig.5–e). Moreover, constitutive EGFR signaling resulted in RhoA activation and that 

siRNA knockdown of EMP1 resulted in a loss of EGFR mediated Rho activation (Fig. 4f).

Next, we undertook mass spectrometry to identify proteins that bind to the EGFR in the 

absence of EGF (Supplementary Table 2). TAB1 was prioritized because of its known role 

in NF-κB activation, which it undertakes with its partner TAK154. NF-κB is known to 

induce GBM invasion55–57. We first confirmed that TAB1 binds to EGFR constitutively 

and dissociates from it with EGF (Fig. 5g–h). siRNA knockdown of TAB1 results in a loss 

of constitutive EGFR mediated invasion, activation of TAK1 and phosphorylation of the NF-

κB subunit p65 (Fig. 5i–k). We confirmed that EGFR overexpression resulted in increased 

NF-κB reporter activity (Fig. 5k–l). siRNA knockdown of TAK1 also blocks invasion and 

p65 phosphorylation (Fig. 5m–n). Finally, chemical inhibition of NF-κB, or a dominant 

negative IBα mutant, resulted in inhibition of EGFR driven invasion and upregulation of 

EMP1 (Fig. 5o–r). siRNA knockdown of TAB1 or TAK1 also blocked EGFR-induced 

upregulation of EMP1 (Fig. 5k, n) indicating that a TAB1-TAK1- NF-κB-EMP1 signaling 

axis drives ligand-independent EGFR driven invasion.

Effect of EGFR ligands on GBMs expressing both EGFRwt and EGFRvIII

The allelic frequency of EGFRvIII is significantly greater than that of EGFRwt in GBM6 

and GBM9 (Extended Data Fig. 5a). Nonetheless, we consistently see a predominantly 

ligand-dependent signaling in GBM6 and GBM9 when exposed to EGF, with suppression 

of invasion, upregulation of EGR1, and upregulation of BIN3 (Fig. 1b, Fig. 3d, Fig. 1p). 

Expression of EGFRvIII or EGFRwtin GBM14 cells resulted in constitutive signaling and 

increased invasion (Fig. 1k–l, Extended data 5b–c). EGF has no effect on invasion with 

EGFRvIII expression (Extended data Fig. 1x–y), while EGF suppressed invasion in EGFRwt 

expressing cells and upregulated BIN3 and EGR1 (Extended data Fig. 5b–c). When we 

express both EGFRwt and EGFRvIII in GBM14 and express much lower levels of EGFRwt 

to mimic the conditions in GBM6 and GBM9, we find that addition of EGF results in 

suppression of invasion, EGR1 and BIN3 upregulation (Extended Data Fig. 5d–e).

Ligand-dependent EGFR signaling mediates proliferation via a Shc driven pathway

Using Mass Spectrometry, we found that Shc association with the EGFR is increased by 

EGF (Supplementary Table 2). EGF induces association of Shc with the EGFR and tyrosine 

phosphorylation of Shc (Extended Data Fig. 5f–g). siRNA knockdown of Shc blocks EGF-

induced proliferation (Extended Data Fig. 5h). siRNA knockdown of Shc blocked ERK 

activation in response to EGF (Extended Data Fig. 5i). Also, inhibition of ERK using a 

chemical inhibitor or siRNA knockdown resulted in a loss of EGF mediated proliferation 

(Extended Data Fig. 5j–m). Thus, as previously reported, ligand-dependent EGFR signaling 

induces proliferation through a canonical Shc-ERK pathway.

Phosphorylation of EGFR during constitutive and ligand depend activation:

Next, we examined the tyrosine phosphorylation of specific EGFR residues with or without 

EGF. We found phosphorylation of the same sites during constitutive and ligand-activated 

EGFR signaling. However, phosphorylation of all sites was considerably enhanced with 

ligand-activation in PDX lines (Extended Data Fig. 5n–o, 1t–u). Our data suggest that 
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a low level of EGFR tyrosine phosphorylation seen in constitutively activated EGFR is 

conducive to activation of an NF-kappa B-EMP1 pathway leading to increased invasion 

while a high level of EGFR tyrosine phosphorylation detected in ligand-activated EGFR 

signaling is conducive to activation of an EGR1-BIN3 pathway leading to suppression of 

invasion. Tofacitinib upregulates BIN3 levels via a ligand-mediated activation of the EGFR 

and decreases GBM invasion.

Tofacitinib upregulates BIN3 levels via a ligand-mediated activation of the EGFR and 
decreases GBM invasion

To identify a drug that upregulates BIN3 and specifically inhibits GBM invasion, we 

examined a panel of drugs that target key components of RTK signaling pathways and 

found that the Jak1/Jak3 inhibitor tofacitinib strongly upregulated BIN3 levels in multiple 

lines (Fig. 6a–b) and inhibited invasiveness (Fig. 6c). Previous studies have indicated 

that inhibition of components of RTK signaling pathways leads to activation of upstream 

RTKs58. We found that tofacitinib induced a robust activation of the EGFR (Fig. 6d). 

Furthermore, cetuximab completely inhibits tofacitinib-induced EGFR activation, BIN3 

upregulation and suppression of invasion (Fig. 6e–f). Moreover, tofacitinib upregulates 

the EGFR ligand HB-EGF (Fig. 6g). As expected, tofacitinib blocks phosphorylation of 

STAT1 and STAT3 (Fig. 6h–i, Extended Data Fig. 5p). siRNA knockdown of STAT3 

but not STAT1 mimicked the effect of tofacitinib and resulted in increased HB-EGF 

secretion and EGFR activation, and suppression of invasion (Fig. 6k–l, Extended Data 

Fig. 5q–s) that can be blocked by cetuximab, consistent with a recent study reporting that 

STAT3 inhibition increased the EGFR ligand betacellulin59, although we did not find an 

upregulation of betacellulin in our model (Extended Data Fig. 5t). STAT3 overexpression 

blocks the inhibitory effect of tofacitinib on invasion and EGFR activation (Extended Data 

Fig. 5u–v). Furthermore, tofacitinib induces EGR1 upregulation and activity (Fig. 6m–n). 

siRNA knockdown of EGR1 results in a loss of tofacitinib-induced BIN3 expression (Fig. 

6p). Also, in cells treated with a saturating concentration of EGF, tofacitinib did not induce 

a further increase in BIN3 level, or increase invasion further (Extended Data Fig. 5w–x). 

Additionally, tofacitinib induced proliferation in glioma cells (Fig. 5q). Tofacitinib did not 

induce cell death (Fig. 6r–s). Finally, siRNA knockdown of BIN3 blocks tofacitinib induced 

suppression of invasion (Fig. 6t–u).

Next, we compared the effect of tofacitinib on mouse intracranial GBM tumours generated 

from GBM12TGFα cells or from GBM12V (vector transfected) cells. In GBM12TGFα 
tumours that already have a high EGFR ligand level, there is no additional benefit 

from tofacitinib. GBM12V tumours, on the other hand, responded to tofacitinib treatment 

with a significantly increased survival and decreased invasion (Fig. 7a–c), as did GBM9 

neurosphere tumours and GBM6 tumours (Fig. 7f–n). Tofacitinib did not induce significant 

cell death in the tumours (Fig. 7d–e, i–j, k–m). As expected, tofacitinib increased 

proliferation in mouse tumours (Extended Data Fig. 5y–aa). Next, we identified two PDX 

lines that have high endogenous EGFR ligand and high BIN3 levels (Fig. 7n). We found 

that these lines do not respond to tofacitinib or EGF by upregulation of BIN3 (Fig. 7o). We 

silenced HB-EGF in GBM39 cells found that tofacitinib or EGF could now upregulate BIN3 

in GBM39shHB-EGF cells (Fig. 7p–q). GBM39shHB-EGF cells are more responsive to 
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tofacitinib compared to GBM39shCtrl cells in invasion assays (Fig. 7r). We next examined 

whether silencing of HB-EGF confers responsiveness to tofacitinib in vivo and found that 

silencing HB-EGF also renders orthotopic GBM39shHB-EGF tumours more responsive to 

tofacitinib compared to controls (Fig. 7s–u). These data suggest that tofacitinib is likely to 

be more effective in EGFR amplified tumours with low levels of EGFR ligand.

Single cell analysis reveals that ligand-mediated activation of EGFR suppresses invasion

To further investigate the invasive behavior of individual glioma cells we used a nanoplate 

fabricated with topographic patterns of regular parallel ridges that mimic the ECM 

environment in brain 60. Exposure of glioma cells to EGF resulted in a significant slowed 

migration of individual GBM12 and GBM22 cells, but there was a significant heterogeneity 

among cells (Extended Data Fig. 6a–d, i–l), as reported previously60. The effects of 

tofacitinib are quite similar to EGF (Extended Data Fig. 6e–g, m–p).

TCGA Analysis demonstrates that EGFR ligands confer an improved prognosis in EGFR 
amplified GBM

TCGA data indicate that seven EGFR ligands are variably expressed in GBM (Fig. 8a). 

We found that the combined effects of seven EGFR ligands are oncogenic in EGFR 

non-amplified GBMs, while, quite unexpectedly, EGFR ligands are tumour suppressive 

in EGFR amplified GBMs (Fig. 8b–c) while low EGFR ligands, indicative of constitutive 

EGFR signaling, confer a worse prognosis. EGFR ligands are very strongly oncogenic 

in non-amplified GBMs (p=0.0009). In EGFR amplified amplified GBMs the role of 

EGFR ligands is completely reversed with a significant tumour suppressor effect of EGFR 

ligand (p=0.0355). Importantly, increased phosphorylation of EGFR, suggestive of EGFR 

activation, correlates with a better prognosis (Fig. 8d). This is likely to primarily reflect 

ligand mediated activation of EGFRwt or constitutively active EGFR mutants.

In EGFR amplified GBMs expression of other ErbB receptors is low, suggesting that the 

EGFR plays the predominant biological role (Fig. 8e–f). Also, EGFR ligand levels are 

similar in EGFR amplified vs. EGFR non-amplified GBMs(Fig. 8g–h). Also, we did not 

detect a prognostic value of EGFR ligand in the classical subtype comprising 55 patients 

(Fig. 8i), likely because 15 out of the 55 patients are not EGFR amplified by our criteria (<4 

EGFR copies). Thus it is the EGFR level that is the primary determinant of the prognostic 

response to EGFR ligands.

Expression of EGFR ligands in GBM

HB-EGF, TGFα and EGF are the most abundant ligands in GBM (Fig. 8a). We examined 

expression of these three EGFR ligands in 36 resected GBM samples using ELISA 

(Extended Data Fig. 7a–c). HB-EGF is the most abundant EGFR ligand. Also, HB-EGF 

is expressed more in the central part of the tumour compared to the leading edge, while 

expression of the EGFR does not vary significantly (Fig. 7d–g). This pattern of HB-EGF 

and EGFR expression was also found in the IVY GBM database (Extended Data Fig. 7j–

k). Sp1 has a key role in HB-EGF transcription61. We found that Sp1 co-localizes to the 

same regions and tumour cells as HB-EGF (Extended Data Fig. 7h–i, k–m), suggesting 

that the regional expression of EGFR ligands reflects availability of transcription factors, 
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Next, we found that Sp1 overexpression increases the expression of HB-EGF while siRNA 

knockdown of Sp1 results in decreased HB-EGF levels (Extended Data Fig. 7n–q).

BIN3 in GBM

BIN3 does not appear to confer an improved prognosis in EGFR amplified GBMs according 

to TCGA data (Extended Data Fig. 7r). However, the protein level of BIN3 detected by 

Western blot in 36 GBMs indicates that increased protein levels of BIN3 confer an improved 

prognosis (Extended Data Fig. 7s–u). It is known that the correlation between mRNA 

and protein level can be poor for certain proteins and be dependent on regulatory factors 

ribosomal density and occupancy etc. 62

Discussion

EGFR is considered a key oncogene in a wide variety of cancers, including GBM. EGFR 

signaling is considered to be uniformly oncogenic in human cancer. Here, we demonstrate 

a tumour suppressive function of EGFR in EGFR amplified GBMs promoted by EGFR 

ligands. Analysis of the TCGA data looking at the combined effect of all seven EGFR 

ligands, demonstrates that EGFR ligands are tumour suppressive in EGFR amplified 

GBM. Consistent with this unexpected result, our experimental data demonstrate that ligand-

activated EGFR signaling suppresses GBM invasion, and we propose that this suppression 

of invasion mediates the tumour suppressive effect of ligand-dependent EGFR signaling 

in EGFR amplified GBMs. Thus, in experimental models, expression of EGFR ligands in 

GBM cells or infusion of EGF leads to orthotopic tumours that are smaller, less invasive 

and associated with improved survival. We propose that ligand-dependent EGFR signaling 

suppresses invasion by upregulation of BIN3.

Previous studies have reported that EGFR stimulates invasion in GBM established cell 

lines that have lost EGFR amplification. We also found that EGF stimulates invasion in 

established GBM lines, or low EGFR expressing PDX cells. However, when EGFR is 

overexpressed in these cells, now EGF suppresses invasion. In most of our PDX models, 

which usually express significant levels of endogenous EGFR, EGF consistently suppresses 

invasion. These data indicate that the level of EGFR expression determines whether the 

outcome of ligand-dependent EGFR signaling is increased or decreased invasion. TCGA 

analysis show that in non-EGFR amplified GBMs, EGFR ligands are oncogenic while, in 

a striking reversal, in EGFR amplified GBMs EGFR ligands are tumour suppressive. A 

key reason is likely to be the differential upregulation of BIN3 in EGFR amplified GBMs. 

In tumours expressing both EGFRwt and EGFRvIII, adding EGFR ligand results in a 

phenotype similar to tumours expressing EGFRwt alone.

Although the primary consequence of invasion is tumour recurrence, our experimental 

findings provide a new insight that invasion may also play a key role in GBM tumour 

expansion. Thus, increased ligand-dependent EGFR signaling leads to tumours with 

suppressed invasion that are smaller even though increased proliferation can be detected, 

suggesting that proliferation alone is not sufficient for tumour expansion and that tumour 

invasion is required. Ligand-induced EGFR activation leads to upregulation of BIN3 and 

tyrosine phosphorylation of DOCK7 leading to a physical association of BIN3 and DOCK7. 
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DOCK family members have a RhoGEF domain and function as GEFs for the Rho GTPase 

family. EGF-induced BIN3-DOCK7 association inhibits the constitutive activity of DOCK7 

and downstream Rho GTPases. Thus, ligand induced EGFR activation leads to decreased 

invasiveness by a BIN3 mediated inhibition of a DOCK7-RhoGTPase pathway.

TCGA data reveal that in EGFR amplified GBMs a low level of EGFR ligands confers 

a worse prognosis. This is consistent with our experimental findings that demonstrate 

that constitutive EGFR signaling enhances invasion resulting in larger, more invasive 

tumours with a worse prognosis in orthotopic models. We have identified that constitutive 

EGFR signaling triggers a TAB1-TAK1-NF-κB-EMP1 signaling axis resulting in enhanced 

invasion. There is significant variation in the level of EGFR ligands expressed in GBMs, 

suggesting that constitutive or ligand-activated signaling may predominate in individual 

tumours.

Our study suggests that a patient stratification based on the level of EGF receptor and 

EGFR ligands, may be helpful to predict subsets of patients likely to benefit from targeting 

the EGFR. Thus, in patients with EGFR amplified GBMs with high EGFR ligands, EGFR 

inhibition could actually be detrimental, since EGFR ligands and high phosphorylation of 

the EGFR confer a better prognosis. On the other hand, in EGFR amplified tumours with 

low ligand, a BBB penetrant drug 63–65. such as tofacitinib, a JAK1/JAK3 that upregulates 

BIN3 via an upregulation of EGFR ligand and suppresses invasion could be very useful. 

Tofacitinib could be a unique and effective treatment for GBM that specifically targets 

invasion. This type of treatment could be used to suppress invasion prior to surgical 

resection and shrink the main tumour mass. Since invasion is believed to be a key 

determinant of GBM recurrence, tofacitinib could also be used later in the course of the 

disease to prevent or treat recurrence. For EGFR non-amplified tumours with high ligand, 

or possibly for EGFR amplified tumours with low ligand, EGFR inhibition combined with 

blunting of the accompanying adaptive response could be a useful therapeutic strategy.

Methods

All animal studies were done under Institutional Animal Care and Use Committee-approved 

protocols.

Cell Culture of Mayo PDXs

As an experimental model, we used GBMs from the widely used Mayo xenograft panel33. 

In this model, patient derived xenografts (PDXs) are maintained by continuous passage in 

mice. The Mayo explant cultures were generated from mouse tumours, and generally used 

without passaging or at early passages for experiments described in this study. Cultures 

of PDX cells were maintained in DMEM with 10% FBS and 1% Penicillin-Streptomycin 

(P/S). Cells were grown to 70–80% confluence prior to treatments. GBM9, GSC11 and 

GS622 neurospheres were cultured in DMEM F12 supplemented with B27 without vitamin 

A, EGF (20 ng/ml) and FGF (20 ng/ml) as described previously34. Neurospheres were 

EGF and FGF starved for 72 hours prior to experiments unless otherwise specified. Human 

astrocyte (SVGp12) and A431 were purchased from ATCC. U251, and U251 constitutively 

overexpressing EGFR, U251EGFRwt) and U251 cells conditionally overexpressing EGFR 
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in response to tetracycline (U251EGFRind) cells were obtained or generated as described 

previously2. U343 GBM cell line was a kind gift of Dr. Luiz Penalva (University of Texas 

Health Science Center, San Antonio, TX).

Plasmids, transfection and generation of stable cell lines

To generate cells stably overexpressing TGFα, EGF or BIN3, cells were transfected with 

2 μg of pCMV-TGFα-Flag (Sino Biological, China), pCMV6-EGF-Myc (Origene, MD), 

pCMV-BIN3-HA (Sino Biological, China) or empty vector using Lipofectamine 2000 

according to manufacturer’s instructions. 48 hours after transfection, the cells were selected 

positivity by hygromycin (200 μg/ml) or neomycin (200 μg/ml). Stable expression colonies 

were selected and tested for TGFα or BIN3 expression by immunoblotting. Positive colonies 

for EGF expression were tested by EGF enzyme-linked immunosorbent assay (ELISA) kit. 

Positive clones were selected for further investigation. Full-length EGR1 promoter-reporter 

plasmid was a kind gift from Dr. Gail Fraizer (Kent State University, Kent OH). STAT3 

expression vector was from ORIGENE (RC215836, Rockville, MD). Sp1-HA expression 

vector was described previously66. pRK5 Myc-RhoA (15899) and pRK5 Myc-CDC42 

(15905) plasmids were from Addgene. The full-length pCAGGS-FLAG-DOCK7 plasmid 

was a kind gift from Dr. Van Aelst (Cold Spring Harbor Laboratory, NY). DOCK7 Y1118F 

mutant was constructed by swapping a BbvCI- and PshAI-digested DNA fragment that 

contains TAT (Y, tyrosine) to TTT (F, phenylalanine) alteration with the corresponding 

wild-type sequence in pCAGGS-FLAG-DOCK7 that was also digested by the same enzyme 

pair. The mutation was then confirmed by DNA sequencing.

Western blotting, antibodies and reagents

Whole protein extracts from cells or tumour tissues were analyzed by Western blot 

as previously described34. Following antibodies were used: EGFR (06–847), TGFα 
(134A-2B3) and FLAG (F3165) antibodies were from Millipore. DOCK7 (13000-1) 

antibody was from Proteintech (Rosemont, IL). EGFR (Sepharose Bead Conjugate, 5735), 

pEGFR (Tyr1068) (2236), pEGFR (Tyr1173) (4407), pEGFR (Tyr845) (6963), ERK (4695), 

pERK (4370), TAK1 (5206), pTAK1 (4508), EGR1 (4153), STAT1 (9172), Ki-67 (9027), 

Met (8741), pMet (3077), p65 (8242), pp65 (3033), pShc (2431), Sp1 (9389), pSTAT1 

(9167), STAT3 (12640), pSTAT3 (9145), Cdc42 (2466), RhoA (2117), FAK (71433), 

pFAK (8556), HA-Tag (2367) and Myc-Tag (2276) antibodies were from Cell Signaling 

Technology (Danvers, MA). EMP-1 antibody (Ab191181) was from Abcam (Cambridge, 

MA), BIN3 (sc-514396), p65 (sc-109), TAB1 (sc-166138), Shc (sc-967), pTyr(sc-508) and 

β-Actin (sc-47778) were from Santa Cruz Biotechnology (Dallas, TX). pDOCK7 (Y1118) 

antibody was obtained from IBL America (Minneapolis, MN). Dilutions of antibodies were 

listed in Supplementary Table 3.

Reagents: Recombinant human EGF (AF-100), HGF (100-39H) and TGFα (100-16A) were 

obtained from Peprotech (Rocky Hill, NJ). Recombinant human HB-EGF (259-HE) was 

obtained from R&D systems. Erlotinib (S7786) was purchased from SelleckChem (Houston, 

TX). Jak inhibitor tofacitinib (1 μM) and ERK inhibitor (U0126, 10 μM) were from Cayman 

Chemical (Ann Arbor, MI). The JNK inhibitor SP600125 (10 μM), Met inhibitor SU11274 

(1 μM) and NF-κB inhibitor BMS-345541 (0.5 μM) were obtained from EMD Millipore 
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(Billerica, MA). Cetuximab was provided by Imclone (New York, NY) and used at a 

concentration of 100 μg/ml.

Matrigel invasion assay

Invasion of cells was tested with Matrigel Boyden chamber assays (Fisher). 1×105 cells 

diluted in serum free medium or EGF/FGF free were seeded on Matrigel coated inserts with 

10% FBS in the lower chamber as chemo-attractant, EGFR ligands or agents were added 

to upper chamber. After 24 hours of incubation in a 37 °C tissue culture incubator, invaded 

cells were stained with the HEMA-3 kit (Fisher) and counted in four to five 20x random 

fields per well cells and presented as percentage cell invasion. Each invasion assay was done 

on at least 3 independent occasions.

3D culture and spheroid invasion assay

GBM9 and GSC11 were EGF/FGF starved for 72 hours and embedded in reduced-growth 

factor medium containing Matrigel (10mg/ml), with medium containing vehicle or EGF 

(50ng/ml). Spheroids were imaged every 30 minutes over 24 hours with 20x objective on 

the stage of Andor spinning disk confocal microscope equipped with temperature and CO2 

controlling environmental chamber. The invasion distance of cells out of the neurospheres 

was analyzed using manual track Plugin of ImageJ bundled Java (v 1.8.0_112). Four to five 

spheroids per treatment from three independent experiments were used to quantify invasion.

Scratch wound assays

Cells were grown to nearly 100% confluence. The cell medium was changed to serum free 

DMEM containing EGF (50 ng/ml) or vehicle. A scratch wound was then produced on the 

monolayer using a sterile 200 μl pipette tip. Images of wound were captured 0 and 24 hours 

after scratch generation.

Bromodeoxyuridine (BrdU) Cell Proliferation Assay, Annexin V/Propidium iodide (PI) assay 
and Cell viability assay

Cell proliferation was assessed using the BrdU cell kit (Abcam, Cambridge, United 

Kingdom) according to the manufacturer’s instructions. Cells were serum starved overnight, 

followed by treatment with or without EGF (50 ng/ml) or tofacitinib (1 μM) for 48 

hours before the assay. Annexin V/PI staining and cell viability assay were conducted as 

previously described45. The representative gating strategy for flow cytometry is shown in 

Supplementary Fig. 1.

Mass spectrometry, Immunoprecipitation and Chromatin immunoprecipitation

Cells were treated with 50ng/ml EGF for 24 hours, BIN3 (sc-514396) or mouse IgG 

antibodies were incubated with whole cell lysates overnight at 4°C, and the mixtures 

were then incubated with 40 μl protein A/G slurry beads (Sigma) for 2 hours at 4°C. 

Immunoprecipitates were subjected to SDS-PAGE followed by Coomassie stain. Bands 

were cut from the gel and submitted for Mass Spectrometry Facility. To identify proteins 

interacting with EGFR, cells were treated with EGF for 30 minutes, cells lysates were 

immunoprecipitated by EGFR antibody (5735) and subjected to Mass spectrometry analysis.
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To identify BIN3 and DOCK7 complexes in cells upon EGF treatment, cell lysates were 

immunoprecipitated with DOCK7 antibody or BIN3 antibody, and analyzed by Western blot 

using BIN3 antibody or DOCK7 antibody. EGFR (5735), TAB1 (sc-166138), Shc antibodies 

(967) were used to detect interaction of EGFR with TAB1 or ShC protein.

Chromatin immunoprecipitation (ChIP) assays were performed using a ChIP assay kit 

(Upstate Biotechnology, Lake Placid, NY, USA). Cells were treated with EGF for 24 hours 

followed by antibody incubation according to the manufacturer’s protocol. ChIP grade 

anti-EGR1 (4153) antibody was used to selectively precipitate the corresponding protein-

DNA complex. RT-PCR was performed using ViiA 7 Real-Time PCR System (Applied 

Biosystems) to measure the relative amounts of ChIP DNA and results were quantified 

relative to inputs. The data are expressed as percentage of input. Followings are the 

primer sets used: BIN3_Forward: 5’-TTGCAGC-CTGTGTGTCTAAG-3’; BIN3_Reverse: 

5’-CTCCAGGAAGTGACGTAAGC-3’.

Analysis of RhoA, CDC42 and DOCK7 activity

The amount of GTP-bound RhoA and Cdc42 were measured using RhoA and Cdc42 pull 

down assay kit (Cell Signaling) according to the protocol provided by the manufacturer. 

Briefly, cell lysates were incubated with either glutathione S-transferase (GST)-Rhotekin-

RBD or GST-PAK-PBD beads 4 °C for 1 hour to pull down GTP-bound RhoA or Cdc42. 

Beads were washed four times in washing buffer and re-suspended in lysis buffer. RhoA-

GTP and CDC42-GTP were detected by Western blot using RhoA and CDC42 antibodies.

To measure the GEF activity of DOCK7, the cell lysates were incubated with 40 μl CDC42 

G15A agarose beads (ab211185, Abcam) at 4°C for 1 hour. The beads were then washed, 

boiled and the supernatants were used to immunoblot with DOCK7 antibody to determine 

levels of active DOCK7.

ELISA

Supernatant of 48-hours serum starved cells were collected and concentrated 5–10-fold with 

Pierce protein concentrator (ThermoFisher). EGFR ligands concentration in supernatant 

and tumour tissue extracts was determined by ELISA using the corresponding commercial 

HB-EGF, TGFα, EGF and Betacellulin (BTC) protein detection kits (Thermo Fisher) per the 

manufacturer’s instructions.

Small interfering RNA (siRNA), shRNA lentiviral particles and Adenovirus

Human BIN3 (sc-77692), HB-EGF (sc-39420), EGFR (sc-29301), DOCK7 (sc-105312), 

RhoA (sc-29471), Cdc42 (sc-29256), STAT3 (sc-29493), Shc (sc-29480), ERK1(sc-29307), 

ERK2 (sc-35335), Sp1 (sc-29487), TAB1(sc-61851), TAK1(sc-36606) and scrambled 

siRNAs (sc-37007) were obtained from Santa Cruz Biotechnology (Dallas, TX). Cells 

were transfected with the siRNA pool using Lipofectamine2000 (Invitrogen Carlsbad, 

CA). Experiments were conducted 48 hours after siRNA transfection. The target 

sequences for two EGFR siRNAs targeting the 3’UTR region were used for rescue 

experiments. EGFR siRNA-1, GUGGAAUUCAGG-UAGUAAAUAUGAA; EGFRsiRNA-2, 
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GGAAGAUAGUUUUCUCCUUUUACUU. siRNA Knockdown efficiency was confirmed 

by Western blot.

Human HB-EGF shRNA lentiviral particles (sc-39420-V), DOCK7 shRNA lentiviral 

activation particles (sc-404461-LAC) and control lentiviral particles (sc-437282) were from 

Santa Cruz Biotechnology (Dallas, TX). To generate stable HB-EGF shRNA knockdown 

GBM39, cells were infected with HB-EGF shRNA or control lentiviral particles. Clones 

were selected in culture medium containing 1 μg/ml puromycin and expanded, knockdown 

efficiency was determined by HB-EGF ELISA kit. For generation of transient DOCK7 

overexpressing GBM12 and GBM6, cells were infected with DOCK7 shRNA or control 

lentiviral activation particles as described above, except that positive clones were pooled 

together for further experiments.

Adenovirus-GFP or IĸBα dominant negative (DN) were obtained from Vector Biolabs 

(Malvern, PA). A Multiplicity of infection (MOI) of 10 was used in the experiments. 

Cells were exposed to adenovirus, along with transfection of empty, EGFRwt or EGFRvIII 

vectors.

cDNA Synthesis and real-time PCR

Total RNA from cells was extracted by TRIzol Reagent (Ambion). First-strand cDNA 

and real- time PCR was performed as described previously45. The expression of each 

gene was normalized to GAPDH as a reference. The following primers were used. BIN3, 

5′-AGATATCCTTGGACTTACTCTC-3′ and 5′-CACCTTTTCCTGATTGAAGG-3′;; 

GAPDH, 5′-GTGAAGGTCGGAGTCAACGG-3′ and 5′-

TGATGACAAGCTTCCCGTTCTC-3′; EGR1, 5’-CTTCAACCCTCAGGCGGACA-3’ and 

5’-GGAAAAGCGGCCAGTATAGGT-3’; EMP1, 5’-GTGTTCCAGCTCTTCACCATGG-3’ 

and 5’-GGAATAGCCGTGGTGATACTGC-3’

Single cell migration assay

For time-lapse analysis of individual cell movement, we used a nano-ridge constructed 

of transparent polyurethane acrylate (PUA), and fabricated using UV-assisted capillary 

lithography as previously described 67. Prior to cell seeding, 24 well NanoSurface plate 

(Curi Bio, Seattle, WA)were coated with laminin (3 μg/cm2, Sigma-Aldrich). Cells were 

plated at low density (1×104 cells/ml) and incubated at 37°C overnight. For time-lapse 

imaging, the plate was mounted onto the stage of Andor spinning disk confocal microscope 

equipped with temperature and CO2 controlling environmental chamber. Six hours after the 

start of the imaging, EGF (50 ng/ml) or tofacitinib (1 μM) was added to each well without 

moving the plate. Bright-field images were taken every 30 minutes for 24 hours using a 10x 

objective. Manual track Plugin of ImageJ bundled Java (v 1.8.0_112) was used to track the 

movement of cells frame by frame.

Immunohistochemistry, immunofluorescence, TUNEL staining

Tumour tissues were fixed in 10% formalin and embedded in paraffin. 

Immunohistochemistry analysis was performed using the ABC streptavidin–biotin method 

with the Vectastain ABC kit (Vector Laboratories, Burlingame, CA) as described 
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previously41. The following primary antibodies were used: HB-EGF (sc-365182), Sp1 

(9389), SMI-31 (801601), Ki-67 (9027) and EGFR (04–338, Millipore). All antibodies 

except SMI-31 were incubated overnight at 4°C. SMI-31 was incubated at room temperature 

for 2 hours. Three to four complete and non-overlapping high magnification (x400) fields 

were randomly selected for each section.

Human GBM slides stained with antibodies to HB-EGF, Sp1 and EGFR were evaluated 

under the microscope for signal intensity. The immunostaining score ranges from 0 to 3 

based on percentage positive staining (0: 5%, 1:5%–30%, 2: 30%–70%, 3: >70%). Two to 

three high cellular (tumour central) or low cellular (invasive) regions per tumour section 

were selected for evaluation.

Immunofluorescence double labeling was performed to demonstrate colocalization of 

the Sp1 in the nuclei and HB-EGF in the cytoplasm. Human glioblastoma slides were 

permeabilized by 0.5 % Triton X-100/PBS and blocked in 1% BSA/PBS. The primary 

antibodies for detecting HB-EGF (1:500) and Sp1 (1:200) were the same used in 

immunohistochemistry, followed by anti-Rabbit Alexa555-conjugated (4413, Cell Signaling) 

and anti-Mouse Alexa488-conjugated (ab150113, Abcam) secondary antibodies.

TUNEL staining was performed using the TUNEL assay kit (4810-30-K, R&D Systems, 

Minneapolis, Minnesota) according to the manufacturer’s instructions.

Luciferase assays

Cells were transfected with EGR1 promoter or empty vector using lipofectamine 2000. 

Renilla luciferase was co-transfected as an internal control. For NF-κB luciferase assay, 

NF-κB luciferase reporter and Renilla luciferase were transfected along with EGFRwt or 

vIII overexpression vectors. A dual-luciferase reporter assay system was used according 

to manufacturer’s instructions (Promega, Madison WI). Firefly luciferase activity was 

measured in a luminometer and normalized on the basis of Renilla luciferase activity.

Copy number analysis by quantitative real-time PCR

Genomic DNA was extracted using a standard phenol/chloroform procedure or a QIAamp 

DNA FFPE Tissue kit (Qiagen, Hilden, Germany). EGFR gene copy number was evaluated 

using Hs00997424_cn TaqMan assay (Applied Biosystems, Foster City, CA) according to 

the manufacturer’s instructions. The TERT locus was used for the internal reference copy 

number. Human Genomic DNA (Applied Biosystems, Foster City, CA) was used as a 

normal control.

Allele frequency (AF) analysis by whole exome sequencing (WES)

Genomic DNA extracted from GBM9 was subjected to library preparation using the 

SureSelect V6 kit (Agilent) following the manufacturer’s instructions. Sequencing was 

performed on a NextSeq500 with 150 bases of paired-end reads to target 20X of raw depth. 

BWA-MEM was used to align sequence reads to reference genome GRCh37 (decoy). Post-

BAM processing was performed using Picardtools (v2.25.5; https://broadinstitute.github.io/

picard/), Samtools v1.122, bedtools v2.30.0 and GATK v3.8. Variants were detected using 
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GATK v3.8, Samtools v1.12, and annotation using WGSA5 Annotation was done using 

WGSA (whole genome sequencing annotator). The AFs were calculated as follows: AF of 

EGFRwt=The average coverage for exons 2 to 7/The average coverage for exons 1 and 8 to 

28; AF of EGFRvIII=1-AF of EGFRwt.

RNA-seq analysis

GBM12 cells were treated with EGF (50ng/ml) for 90 minutes. RNA was extracted using 

RNeasy mini kit (Qiagen, Germany). Agilent 2100 Bioanalyzer system and RNA Nano 

chip kit (5067-1511, Agilent, Santa Clara, CA) was used for RNA Quality measurement. 

The library for sequencing was generated using Illumina TruSeq® Stranded mRNA Library 

prep kit (20020594, San Diego CA). The samples were sequenced with 05 flowcell space 

on Illumina NextSeq 550 sequencer using 85-bp single-end protocol. FPKMs for genes 

and transcripts were generated by StringTie (v1.3.5), and RSeQC (v3.0.0) was used for 

generating RNA quality control metrics. Differential gene expression analysis was done with 

DESeq2 (v1.32.0). A gene was identified as significantly changed if the fold change was 

greater than 2 (up or down) and the P-value was less than 0.05 in comparison to the vehicle 

group.

Animal studies

4 to 6 weeks old female nude mice (088) purchased from Charles River Laboratories were 

used in this study. Cells were injected into the right corpus striatum of the brains of nude 

mice using a stereotactic frame. For survival experiments, mice were randomly divided 

into two groups (6–8 mice per group) treated with vehicle or tofacitinib by oral gavage 

throughout the entire experiment. EGF (33 μg/ml, 0.25 μl/hour) was infused directly into the 

lateral ventricles using a mini-osmotic pump attached to a cannula for 4 weeks as described 

previously 68 after which mice were euthanized. To monitor the mice with orthotropic 

xenografts, MRI was performed at the Mouse MRI Core, Advanced Imaging Research 

Center, at UTSW.

A two-photon laser intravital microscope combined with cranial window surgery was used to 

observe cellular movement in vivo.. After the generation of a circular cranial window, 10 μL 

of 1×104 cells/μl GBM12 stably expressing H2B-GFP were implanted at a depth of 0.5 mm. 

Following implantation, a 5 mm silicone-based polydimethylsiloxane (PDMS) coverslip was 

glued to the bone surrounding the cranial window. PDMS (SYLGARD184, Sigma-Aldrich) 

film was prepared as described by Heo et al.69. Seven days after surgery and 24 hours prior 

to imaging procedure, 10 ng EGF or vehicle was injected into the mice’s brain through a 

cranial window. For in vivo imaging, mouse head was stabilized using a customized head 

frame. Time-lapse z-stack images of the tumour were acquired every 10 minutes for 2 hours 

using an upright Zeiss LSM780 confocal/multiphoton microscope. Images were imported 

into Imaris 9.0 to create 3D representations and cell movements were tracked using the 

Imaris spot detection function.

Data analysis of public databases

The TCGA-GBM clinical data and corresponding RNA-sequencing (RNA-seq) data were 

downloaded from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) and 
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UCSC Xena browser (https://xena.ucsc.edu). EGFR and pEGFR protein expression data 

were acquired from the Cancer Proteome Atlas (TCPA, https://tcpaportal.org.). EGFR, HB-

EGF and Sp1 mRNA expression in human GBM were acquired from the Ivy Glioblastoma 

Atlas Project (https://glioblastoma.alleninstitute.org/). Log2 (UQ-FPKM+1) conversion was 

performed for all RNA-seq data. The GBM subtype information was acquired from GlioVis 

(https://gliovis.bioinfo.cnio.es). Murat database70 was used as an additional data source to 

perform gene expression based survival analysis for GBM patients.

Gene Set Enrichment Analysis (ssGSEA)

Overall survival (OS) and RNAseq data is available in 149 out of 154 primary TCGA-GBM 

patients. The whole transcriptome profiling of upper quartile FPKM (FPKM-UQ) was 

downloaded from TCGA. Each patient’s 7 EGFR ligands enrichment score was calculated 

using Single-sample Gene Set Enrichment Analysis (ssGSEA), which represents how the 

signature (gene-set) of the 7 EGFR ligands is coordinately up- or down-regulated expressed 

in each case. GBM cases with EGFR copy numbers over 4 were defined as EGFR 

amplification, 149 patients were divided into EGFR non-amplified with four groups as 

indicated. The program of ssGSEA was downloaded from https://github.com/broadinstitute/

ssGSEA2.0 and run on the platform of RStudio version 1.3.1093.

Statistical analysis

All data were analyzed for significance using GraphPad Prism 8.0 software. Data are 

presented as means±SEM of three independent experiments. Two-tailed one-sample, two-

sample Student’s t-test or Kolmogorov Smimov test were used to compare two data sets. 

One-way or two-way ANOVA with Bonferroni’s correction was used to compare more than 

two groups. For the analysis of cell velocity, statistical comparisons were made by Wilcoxon 

matched pair tests. Kaplan–Meier survival curves were constructed and compared by Log-

rank or Gehan’s test. The correlation between mRNA expression and protein expression 

levels was analyzed by Spearman correlation coefficient. At least 3 independent experiments 

were performed unless otherwise indicated. Fisher’s exact test was used to determine the 

association between immunostaining intensity of high and low cellular areas in human 

tumour sections. P < 0.05 was considered statistically significant. * means that P < 0.05, 

** means that P < 0.01, *** means that < 0.001 and **** indicates any P value less than 

0.0001.

Data availability

RNA–seq and WES data that support the findings of this study have been deposited 

in the NCBI Sequence Read Archive (SRA) with accession number PRJNA812870 and 

PRJNA827815. Publicly available WES data were from NCBI SRA with accession number 

PRJNA543854 (SRX5870263). Previously published microarray data are available in 

Supplementary Table 1 of Ramnarain et al.1 Mass spectrometry data have been deposited 

in https://massive.ucsd.edu/ with Dataset Identifier: MSV000089272. The human GBM data 

were derived from the TCGA Research Network: http://cancergenome.nih.gov/. All other 

data supporting the findings of this study are available from the corresponding author on 

reasonable request. Source data are provided with this paper.
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Extended Data

Extended Data Fig. 1. Ligand induced EGFR signaling suppresses invasion, while constitutive 
EGFR signaling induces invasion
a, PDXs and neurospheres used in the study. b, Matrigel invasion assay of cells in the 

presence or absence of EGF(50 ng/ml). c, Immunoblot of EGFR expression. d, Matrigel 

invasion assay of cellstreated with EGFfor the indicated times. e, Matrigel invasion assay 

of GBM12 with various EGFR ligands. f, Immunoblot of the indicated proteins in GBM12 

treated with EGFR ligands. g-h, Similar experiments in GBM6. i-j, Immunoblot of pEGFR 

and pERK in EGFR siRNA knockdown cellsand in U251 and GS622 cells treated with 
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vehicle or EGF for 5 minutes. k, Matrigel invasion assay of GBM6 treated with erlotinib 

(1 μM) for the indicated times. l, Efficacy of erlotinib was analyzed by Western blot. 

m-n, Matrigel invasion assay of cells treated with the indicated concentrations of erlotinib. 

o, Immunoblot demonstrating efficacy of erlotinib (Erl). p, Matrigel invasion assay of 

GBM12 with IgG or cetuximab. q, Immunoblot of pEGFR and EGFR expression in GBM12 

treated with EGF, IgG or Cetuximab (5 min.). r, Matrigel invasion assay of EGFRwt 

overexpressing GBM14 with IgG or cetuximab. s, Immunoblot of the indicated proteins 

in EGFR overexpressing GBM14 treated withEGF, IgG or cetuximab for 48 hours. t, 
Immunoblot of the indicated proteins in EGFR overexpressing GBM14 treated with or 

without EGF. u, Quantification of Western blot band intensity with actin as the reference 

protein. v, Matrigel invasion assay of GBM12 with the indicated drugs. w, Immunoblot of 

EGFR and pEGFR in cetuximab pretreated GBM12 with the indicated drugs. x, Matrigel 

invasion assay of EGFRvIII overexpressing GBM14 in the presence or absence of EGF. y, 
Immunoblot of EGFR and pEGFR in EGFRvIII overexpressing GBM14 treated with vehicle 

or EGF for 5 minutes. z, Representative static images showing progression of invasion 

in cellswith EGF. aa, Quantification of invasion distance of neurospheres. Western blot 

images are representative of three independent biological replicates. Actin served as the 

loading control. Data are represented as mean ± SEM from three independent experiments. 

Statistical significance was determined bytwo-tailed one-sample Student’s t-test (b, d, k, p, 
u), or by one-way ANOVA adjusted by Bonferroni’s correction (e, g, m, n, r, v, x), or by 

two-tailed unpaired Student’s t-test (aa). *P<0.05, **P< 0.01, ***P< 0.001, ****P< 0.001, 

n.s. not significant. Numerical source data, statistic, exact P values and unprocessed blots are 

available as Source Data.
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Extended Data Fig. 2. Suppression of invasion induced by EGF is mediated by an EGFR-BIN3-
DOCK7 pathway
a, Immunoblot of pFAK and FAK expression in cells treated with EGF (50 ng/ml) for 

the indicated times. b, Annexin V/PI positive staining assay of cells treated with EGF. c, 
BrdU incorporation assay of cells transiently transfected with empty or EGFRwt expression 

vectors. d, Overexpression of EGFRwt in cells was analyzed by Western blot. e, Volcano 

plot of differentially expressed genes as assessed by RNA-seq in vehicle or EGF treated 

GBM12. Significantly upregulated BIN3 is highlighted in green (Fold change=2.1, p=0.03). 

f, BrdU incorporation assay ofcells transiently transfected with empty or BIN3 vectors. 

g, Annexin V/PI positive staining assay of cells transiently transfected with empty or 

BIN3 expression vectors. h, BIN3 overexpression in cells was analyzed by Western blot. 

i, Matrigel invasion assay of DOCK7 overexpressing cells. Cells were infected with control 

or DOCK7 lentiviral activation particles, and 72 hours after infection invasion assay was 
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performed in the presence or absence of EGF. j, Immunoblot of the indicated proteins in 

DOCK7 overexpressing cells treated with EGF for 24 hours. k, Matrigel invasion assay of 

cells transiently transfected with empty, Myc-RhoA or Myc-Cdc42 expression vectors in 

the presence or absenceof EGF. l-m, Overexpression of Myc-RhoA and Myc-Cdc42 was 

analzyed by Western blot. The Western blot images are representative of three independent 

biological replicates. Actin served as the loading control. The numbers below the blots 

indicate the relative band intensity of protein against that of actin. Data are represented as 

mean ± SEM from three independent experiments. Statistical significance was determined 

bytwo-way ANOVA adjusted by Bonferroni’s correction (b, g, i, k), or by two-tailed 

unpaired Student’s t-test (c, f). *P<0.05, **P< 0.01, ***P< 0.001, n.s. not significant. 

Numerical source data, statistic, exact P values and unprocessed blots are available as 

Source Data.
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Extended Data Fig. 3. Regulation and biological effects of BIN3
a, Matrigel invasion of BIN3 overexpressing cells in the presence or absenceof EGF (50 

ng/ml). b, BIN3 overexpression was analyzed by Western blot. c, Schematic diagram of 

the putative EGR binding sites in BIN3 promoter region together with the corresponding 

ChIP-qPCR amplicons. d, EGR1 luciferase reporter activity in multiple linestreated with 

EGF. e, Percentage input done by ChIP-qPCR to assess the EGR-1 occupancy of BIN3 gene 

in multiple lines treated with vehicle (V) or EGF for 24 hours. IgG was used as negative 

control. f, Matrigel invasion assay of Cdc42 or RhoA siRNA knockdown in multiple lines. 
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g-h, Knockdown efficiency of RhoA and Cdc42 siRNA was analyzed by Western blot. 

i, Immunoblot of Cdc42-GTP and total Cdc42 expression in DOCK7 siRNA knockdown 

cells. j, Cell viability assay of control and DOCK7 siRNA knockdown multiple lines. k, 
Knockdown efficiency of DOCK7 was analyzed by Western blot. l, Immunoblot of Rac1 

expression in multiple lines. m, Matrigel invasion assay of cells in the presence or absence 

of HGF (20ng/ml). n, Immunoblot of pMet and Met expression in cells treated with HGF 

for 1 hour. o, Immunoblot of immunoprecipitated extracts from cellstreated with HGF for 24 

hours. p, Immunoblot of RhoA-GTP expression in cells treated with HGF (20 ng/ml) for 24 

hours. The Western blot images are representative of three independent biological replicates. 

The numbers below the blots indicate the relative band intensity of protein against that of 

actin. Actin served as the loading control. The numbers below the blots indicate the relative 

band intensity of protein against that of actin. Data are represented as mean ± SEM from 

three independent experiments. Statistical significance was determined by two-way ANOVA 

adjusted by Bonferroni’s correction (a, e), or by two-tailed one- sample Student’s t-test (d, 
j), or one-way ANOVA adjusted by Bonferroni’s correction (f). *P<0.05, **P< 0.01, ***P< 

0.001, ****P< 0.001, n.s. not significant. Numerical source data, statistic, exact P values and 

unprocessed blots are available as Source Data.

Guo et al. Page 24

Nat Cell Biol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 4. EGFR ligand overexpression prolongs survival, reduces invasiveness and 
increases proliferation in orthotopic glioblastoma mouse model
a, Immunoblot of the indicated proteins in GBM9 stably transfected with empty (GBM9V) 

or TGFα expression vector (GBM9TGFα). b, Immunoblot of EGFR expression in cells 

stably transfected with empty, TGFα, or BIN3 expression vectors. c, EGFR copy numbers in 

cells described in b. d, Immunoblot of EGFR expression in multiple lines cultured in 10% 

serum for the indicated times. e, EGFR copy numbers in cellsdescribed in d. f, Matrigel 

invasion assay of cells cultured in 10% serum for 8 weeks in the presence or absence of 

EGF. g, Kaplan–Meier survival curves of mice with GBM9V and GBM9TGFα tumours 

(n=8/group). h-i, H&E staining, SMI-31 immunostaining (black arrow)and quantification 
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of SMI-31 countsin mouse tumours. j-k, Ki67 immunostaining and quantification of Ki67 

positive cellsin mouse tumours. l, Immunoblot of EGFR expression in various tumours.. m, 
EGFR copy numbers in mouse tumours compared to fresh explants cultures. n, Immunoblot 

of BIN3 expression in cells stably overexpressing BIN3 or empty vector. o, Matrigel 

invasion assay of multiple lines. p, Kaplan–Meier survival curves of mice with GBM12V 

and GBM12BIN3 tumours (n=8/group). q-r, H&E staining, SMI-31immunostaining and 

quantification of SMI-31 counts in mouse tumours. s, ELISA for EGF in GBM12 stably 

transfected with EGF overexpressing or empty vector. t, Immunoblot of the indicated 

proteins in EGF-overexpressing GBM12 clones. u, Kaplan–Meier survival curves of mice 

with GBM12V and GBM12EGF (GBM12EGF_02) tumours (n=6/group). v, H&E staining, 

SMI-31 immunostaining and quantification of SMI-31 countsin mouse tumours. x-y, 
Ki67 immunostaining and quantification of Ki67 postive cells in mouse tumours. z-aa, 
Representative TUNEL staining (black arrows) and quantification of TUNEL positive cells 

in GBM12 orthotopic tumours from vehicle orEGF treated mice. bb-cc, Representative 

TUNEL staining and quantification of TUNEL positivecells in mouse tumours. Scale bars: 

50 μM. Western blot images are representative of three independent biological replicates. 

Actin served as the loading control. Data are represented as mean ± SEM from three 

independent experiments. Statistical significance was determined by one-way ANOVA 

adjusted by Bonferroni’s correction (c, e, m, s), or by two-tailed one-sample Student’s 

t-test (f, o), or two-tailed unpaired Student’s t-test (i, k, r, w, y, aa, cc). *P<0.05, **P< 0.01, 

***P< 0.001, ****P< 0.001, n.s. not significant. Numerical source data, statistic, exact P 

values and unprocessed blots are available as Source Data.
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Extended Data Fig. 5. Biological effects of EGFR and STAT activation in GBM cells
a, The allele frequency of EGFRwt and EGFRvIII in GBM6 and GBM9. b, Matrigel 

invasion assay of EGFRwt or EGFRvIII overexpressing GBM14 with or without EGF 

(50 ng/ml). c, Immunoblot of the indicated proteins in EGFRwt or vIII overexpressing 

GBM14 cells treated with EGF (24 h). d, Matrigel invasion assay of EGFRwt and vIII 

overexpressing GBM14 with or without of EGF.WT(w): weak expression of WT; WT(s): 

strong expression of WT. e, Immunoblot of the indicated proteins in EGFRwt and vIII 

overexpressing GBM14 treated with EGF (24h). f, Immunoblot of immunoprecipitated 

extracts from cells treated with EGF (30 min.). g, Immunoblot of the indicated proteins 

in cells treated with EGF (30 min.)h, BrdU incorporation assay of Shc siRNA knockdown 
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cellstreated with EGF. i, Immunoblot of the indicated proteins in Shc siRNA knockdown 

cells treated with EGF (30 min.). j, BrdU incorporation assay of cells treated with EGF, 

U0126 or a combination. k, Immunoblot of the indicated proteins in cells treated with 

EGF or U0126 or a combination (30 min.). l, BrdU incorporation assay of ERK siRNA 

knockdown cells treated with EGF. m, Knockdown efficiency of ERK was analyzed by 

Western blot. n, Immunoblot of different Tyr resides of pEGFR in multiple lines treated 

with EGF (30 min.). o, Quantification of Western blot band intensity with actin as reference. 

p, Immunoblot of the indicated proteins in cells treated with tofacitinib (Tof.). q, ELISA 

for HB-EGF in the supernatant of STAT1 siRNA knockdown GBM12. r, Immunoblot of 

pEGFR and pSTAT1 in STAT1 siRNA knockdown GBM12. s, Matrigel invasion assay of 

control or STAT1 siRNA knockdown GBM12. t, ELISA for BTC in the supernatants of 

GBM12 treated with tofacitinib (72 h). u, Matrigel invasion assay of STAT3 overexpressing 

GBM12 in response to tofacitinib. v, Immunoblot of the indicated proteins in STAT3 

overexpressingcells treated with tofacitinib. w, Immunoblot of BIN3 in multiple lines treated 

with EGF, tofacitinib or both (48 h). x, Matrigel invasion assay with EGF or tofacitinib or 

both. y-aa, Ki67 immunostaining and quantification of KI67 positive cells in GBM12 and 

GBM9 tumours from tofacitinib treated mice. Scale bars: 50 μM. The Western blot images 

are representative of three independent biological replicates. Actin served as the loading 

control. The numbers below the blots indicate the relative band intensity of protein against 

that of actin. Data are represented as mean ± SEM from three independent experiments. 

Statistical significance was determined by two-way ANOVA adjusted by Bonferroni’s 

correction (b, d, h, j, l, u), or by two-tailed one-sample Student’s t-test (o, s), or by 

two-tailed unpaired Student’s t-test (q, aa), or by one-way ANOVA adjusted by Bonferroni’s 

correction (x). *P<0.05, **P< 0.01, ***P< 0.001, ****P< 0.001, n.s. not significant. 

Numerical source data, statistic, exact P values and unprocessed blots are available as 

Source Data.
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Extended Data Fig. 6. EGF and tofacitinib suppress migration in single cell analysis
a, Time-lapse migration speed in GBM12 before and after addition of vehicle (n=67) or 

EGF (50 ng/ml)(n=63). b, Quantification of migration velocity of GBM12 before and after 

addition of vehicle or EGF. Cell migration velocity was calculated over a period of 6 

hours. c, Representative static time-lapse images of the same cell migration before and 

after addition of EGF. d, Percentage of cell migration speed before and after addition 

of EGF. e, Time-lapse migration speed in GBM12 before and after addition of vehicle 

(n=81) or tofacitinib (1 μM) (n=89). f, Quantification of migration velocity of GBM12 

before and after addition of vehicle or tofacitinib. g, Representative static time-lapse images 

of the same cell migration before and after addition of tofacitinib. h, Percentage of cell 

migration speed before and after addition of tofacitinib. i, Time-lapse migration speed in 

GBM22 before and after addition of vehicle (n=57) or EGF (n=74). j, Quantification of 

migration velocity of GBM22 before and after addition of vehicle or EGF. k, Representative 

static time-lapse images of the same cell migration before and after addition of EGF. 
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l, Percentage of cell migration speed before and after addition of EGF. m, Time-lapse 

migration speed in GBM22 before and after addition of vehicle (n=61) or tofacitinib (n=53). 

n, Quantification of migration velocity of GBM22 before and after addition of vehicle or 

tofacitinib. o, Representative static time-lapse images of the same cell migration before and 

after addition of tofacitinib. p, Percentage of cell migration speed before and after addition 

of tofacitinib. Scale bars: 10 μM (c, g, k and o). Whiskers of the boxplot mark the 5th 

and 95th percentiles, the box marks the 25th to the 75th percentiles with the median (b, f, 
j, m). **P < 0.001, **** P < 0.0001, n.s. not significant, P values were determined using 

two-tailed Wilcoxon matched pair tests(b, f, j, n). The results are representative of two 

independently repeated experiments. Numerical source data, statistic and exact P values are 

available as Source Data.
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Extended Data Fig. 7. EGFR ligands, EGFR, BIN3 and Sp1 expression in human glioblastoma
a-c, ELISA for HB-EGF, TGFα and EGF in human glioblastoma lysates. d, Representative 

immunohistochemical staining of HB-EGF in human glioblastoma. e, Summary of HB-EGF 

staining in high and low cellular areas across the tissue sections from 20 samples. Score 0 

and 1 are defined as low, 2 and 3 are defined as moderate/high. Staining intensity in the 

two areas were compared using Fisher’s exact test. f, Representative EGFR immunostaining 

in high cellular (central) and low cellular (infiltrating) areas of human glioblastoma. g, 
Summary of EGFR staining of the tissue sections from 20 samples. h, Representative Sp1 

immunostaining in high cellular and low cellular areas of human glioblastoma. i, Summary 
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of Sp1 staining of the tissue sections from 20 samples. j-l, Ivy Atlas distribution of EGFR, 

HB-EGF and Sp1 mRNA expression in central and infiltrating areas of human GBM. m, 
Representative images of fluorescent double staining of HB-EGF (green) and Sp1 (red) in 

human GBM tissue sections. n, ELISA for HB-EGF in multiple lines transiently transfected 

with empty or HA-Sp1 vectors. o, HA-Sp1 overexpression was analyzed by Western blot. 

p, ELISA for HB-EGF in Sp1 siRNA knockdown cells. q, Sp1 siRNA knockdown was 

analyzed by Western blotting. r, Overall survival (OS) analysis according to BIN3 mRNA 

levels in classical GBM patients with amplified EGFR. s, Immunoblot of BIN3 expression 

in human glioblastoma extracts. t, Scatter plot of HB-EGF and BIN3 expression in human 

glioblastoma lysates (n=36). u, Kaplan-Meier curves of survival rates for high and low levels 

of BIN3 assessed by Western blot. The Western blot images are representative of three 

independent biological replicates. Actin served as the loading control. The numbers below 

the blots indicate the relative band intensity of protein against that of actin. Scale bars: 50 

μM. Data are represented as mean ± SEM from three independent experiments. Significance 

was determined by Kolmogorov Smimov test (j, k, l), or by two-tailed unpaired Student’s 

t-test (n, p), or by log-rank test (r, u). **P< 0.01, ****P< 0.001, n.s. not significant. 

Numerical source data, statistic, exact P values and unprocessed blots are available as 

Source Data.
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Figure 1. Ligand induced EGFR signaling inhibits invasion by upregulation of BIN3
a, EGFR expression in multiple GBM PDXs and neurospheres line. b, Matrigel invasion 

assay of multiple lines with or without EGF (50 ng/ml). c, Matrigel invasion assay of EGFR 

siRNA knockdown cells in the presence or absence of EGF. d, Knockdown efficiency of 

EGFR siRNA was analyzed by Western blot. e-f, Similar experiments in neurospheres. 

g, Matrigel invasion assay of EGFR siRNA knockdown cells retransfected with EGFRwt 

or EGFRvIII expression vector. h, Western blot showing knockdown or re-expression 

efficiency of EGFRwt or EGFRvIII. I-j, Matrigel invasion assay and Western blot of 

GBM12 with or without erlotinib (1 μM) for indicated times. k-l, Matrigel invasion assay of 

EGFRwt overexpressing cells in the presence or absence of EGF and Western blot of EGFR 

expression. m-n, Matrigel invasion assay of EGFRwt or EGFRvIII overexpressing cells and 

Western blot of EGFR expression. o, BrdU incorporation assay of multiple lines treated with 

or without EGF (50ng/ml). p-q, Western blot and qPCR analysis of BIN3 in multiple lines 
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treated with EGF (50 ng/ml). r, Matrigel invasion assay of BIN3 siRNA knockdown cells 

with or without EGF. s, Knockdown efficiency of BIN3 siRNA was analyzed by Western 

blot. t-u, Representative images and quantitative analysis of scratch assay in cells treated 

with EGF (50 ng/ml) for 24 hours. Scale bar: 100 μm. v, Representative time-lapse imaging 

of migrating tumour cells (red lines) through a cranial window. Scale bar: 100 μm. w, 
Quantification of cell velocity for vehicle and EGF treated group (n=3/group). The Western 

blot images are representative of three independent biological replicates. Actin served as 

the loading control. The numbers below the blots indicate the relative band intensity of 

protein against that of actin. Data are represented as mean ± SEM from three independent 

experiments. Statistical significance was determined by two-tailed one-sample Student’s 

t-test (b, i, m, q), or by two-way analysis of variance (ANOVA) adjusted by Bonferroni’s 

correction (c, e, g, k, r), or by two-tailed unpaired Student’s t-test (o, u, w). *P <0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.001, n.s. not significant. Numerical source data, statistic, 

exact P values and unprocessed blots are available as Source Data.
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Figure 2. EGFR level determines the invasion response to EGFR ligand via BIN3 regulation
a, Matrigel invasion assay of U251 cells stably transfected with the empty (U251V) or 

EGFRwt expression vector (U251EGFR) in the presence or absence of EGF (50 ng/ml). 

b, Matrigel invasion assay of tetracycline (Tet.) induced EGFR overexpressing U251 cells 

(U251EGFRInd) in the presence or absence of EGF. c, Immunoblot of EGFR and BIN3 

expression in cells treated with EGF for 48 hours. d, Immunoblot of EGFR expression 

in multiple lines. e-f, Matrigel invasion assay of EGFRwt overexpressing cells in the 

presence or absence of EGF. g, Immunoblot of EGFR and BIN3 expression in EGFRwt 

overexpressing cells treated with EGF for 48 hours. h, Immunoblot of EGFR, pEGFR and 

proteins involved in TAB1-BIN3 axis expression in cells transfected with indicated dose 

of EGFR siRNA. i, Matrigel invasion assay of GBM12 transfected with indicated doses 

of EGFR siRNA. j, BrdU incorporation assay of cells transiently transfected with empty 

(E) or EGFRwt (WT) expression vector in the presence or absence of EGF for 48 hours. 

k, Immunoblot of EGFR and BIN3 expression in EGFR siRNA knockdown cells treated 

with EGF (50ng/ml). l, Matrigel invasion assay of BIN3 siRNA knockdown cells in the 

presence or absence of EGF. m, BIN3 siRNA knockdown efficiency was analyzed by 

Western blot. The Western blot images are representative of three independent biological 
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replicates. Actin served as the loading control. The numbers below the blots indicate the 

relative band intensity of protein against that of actin. Data are represented as mean ± SEM 

from three independent experiments. Statistical significance was determined by two-way 

ANOVA adjusted by Bonferroni’s correction (a, e, f, i, j, l), or by one-way ANOVA adjusted 

by Bonferroni’s correction (b). * P<0.01, ** P < 0.01, *** P<0.001, **** P<0.0001, n.s. 

not significant. Numerical source data, statistic, exact P values and unprocessed blots are 

available as Source Data.
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Figure 3. BIN3 inhibits invasiveness of glioma cells through its interaction with DOCK7
a, Matrigel invasion assay of multiple lines with BIN3 overexpression. b, BIN3 

overexpression was analyzed by Western blot. c, EGR1 mRNA levels in multiple lines 

treated with EGF (50 ng/ml) for 2 hours. d, Immunoblot of EGR1 in cells treated with 

EGF. e-f, Immunoblot of the indicated proteins in EGR1 siRNA knockdown cells treated 

with EGF. g, Matrigel invasion assay of EGR1 siRNA knockdown cells in the presence or 

absence of EGF. h-i, Immunoblot of immunoprecipitated (IP) extracts from multiple lines 

treated with EGF for 24 hours. j, Matrigel invasion assay of DOCK7 siRNA knockdown 

GBM12 and GBM9 in the presence or absence EGF (50 ng/ml). k, Immunoblot of the 
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indicated proteins in DOCK7 siRNA knockdown in cells treated with EGF for 24 hours. 

l-m, Immunoblot of the indicated proteins in BIN3 siRNA knockdown cells treated with 

EGF (50 ng/ml) for 24 hours. n, Immunoblot of active DOCK7 in EGF treated control 

or BIN3 siRNA knockdown cells. o, Immunoblot of IP extracts from cells treated with 

vehicle or EGF. p, Immunoblot of phosphorylated DOCK7(Y1118) in cells treated with 

vehicle or EGF. q-r, Immunoblot of IP extracts from wild-type or mutant (Y1118F) Flag-

DOCK7 overexpressing cells treated with vehicle or EGF. s, Immunoblot of IP extracts 

from cells treated with vehicle or EGF. The Western blot images are representative of 

three independent biological replicates. Actin served as the loading control. The numbers 

below the blots indicate the relative band intensity of protein against that of actin. Data are 

represented as mean ± SEM from three independent experiments. Statistical significance 

was determined by two-tailed one-sample Student’s t-test (a, c), or by two-way ANOVA 

adjusted by Bonferroni’s correction (g, j). *P <0.05, **P < 0.01, ***P < 0.001, ****P < 

0.001, n.s. not significant. Numerical source data, statistic, exact P values and unprocessed 

blots are available as Source Data.
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Figure 4. TGFα overexpression prolongs survival, reduces invasiveness and increases 
proliferation in orthotopic glioblastoma mouse model
a, Immunoblot of the indicated proteins in GBM12 stably transfected with empty 

(GBM12V) or TGFα expression vector (GBM12TGFα). b, Kaplan–Meier survival curves 

of mice with orthotopic xenotransplant model of GBM12TGFα and GBM12V (n=8/

group). c, Representative H&E staining and SMI-31 immunostaining in GBM12V and 

GBM12TGFα tumour tissue sections. T: Tumour; NT: Normal tissue. d, Quantification 

of SMI-31 counts within tumour region. e-f, Representative images and quantification of 

Ki67 immunostaining in mouse tumour tissue sections. g, Representative MRI imaging 

of orthotopic tumour bearing mice obtained at 7 and 14 days after transplantation of 

GBM12V or GBM12TGFα. h, Tumour volume of two groups after 14 days (GBM12V 

n=7, GBM12TGFα n=6). i, H&E staining of GBM12 orthotopic tumours from mice 

intracranially infused with EGF or vehicle (n=4/group). j-k, Representative immunostaining 

and quantification for SMI-31 in GBM12 orthotopic tumours from mice treated with vehicle 

or EGF. l, Immunoblot of BIN3 in GBM12TGFα stably transfected with control or BIN3 
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shRNA. m, Immunblot of the indicated proteins in the indicated cells. n, Matrigel invasion 

assay of multiple lines. o, Kaplan–Meier survival curves of orthotopic mouse xenotransplant 

model of the indicated cells (n=8/group). p, Representative H&E staining and SMI-31 

immunostaining in tumour tissue sections. q, Quantification of SMI-31 counts. The Western 

blot images are representative of three independent biological replicates. Actin served as the 

loading control. The numbers below the blots indicate the relative band intensity of protein 

against that of Actin. Scale bar: 100 μm. Data are represented as mean ± SEM from three 

independent experiments. Statistical significance was determined by log-rank test (b, o), 

or by two-tailed unpaired Student’s t-test (d, f, h, k), or by two-way ANOVA adjusted by 

Bonferroni’s correction (n, q). *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.001, n.s. 

not significant. Numerical source data, statistic, exact P values and unprocessed blots are 

available as Source Data.
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Figure 5. Constitutive EGFR signaling induces TAB1-TAK1-p65-EMP1 pathway
a, Immunoblot of the indicated proteins in cells transiently transfected with empty (E), 

EGFRwt (WT) or EGFRvIII (vIII) expression vectors. b, mRNA level of EMP1 in cells 

transiently transfected with empty, EGFRwt or vIII expression vectors. c, Immunoblot of 

EMP1 protein expression in cells treated with EGF (50 ng/ml) for 24 hours. d, Matrigel 

invasion of multiple lines transiently transfected with empty or EGFRwt expression vectors, 

along with control or EMP1 siRNA. e, Efficiency of EMP1 knockdown and EGFRwt 

overexpression was analyzed by Western blot. f, Immunoblot of the indicated proteins in 

multiple lines transiently transfected with empty or EGFRwt expression vectors, along with 

Guo et al. Page 46

Nat Cell Biol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control or EMP1 siRNA. g-h, Immunoblot of immunoprecipitated extracts from EGFRwt 

overexpressing multiple lines treated with vehicle or EGF for 30 minutes. i-j, Matrigel 

invasion of EGFRwt or EGFRvIII overexpressing and/or TAB1 siRNA knockdown cells. 

k. Immunoblot of the indicated proteins in cells as described in i-j. l, NF-κB luciferase 

reporter activity in EGFRwt or EGFRvIII overexpressing cells. m, Matrigel invasion of 

EGFRwt or vIII overexpressing and/or TAK1 siRNA knockdown cells. n, Immunoblot of the 

indicated proteins in cells as described in m. o, Matrigel invasion of EGFRwt or EGFRvIII 

overexpressing cells treated with NF-κB inhibitor BMS (BMS-345541). p, Immunoblot 

of the indicated proteins in EGFRwt or vIII overexpressing cells treated with BMS for 

48 hours. q, Matrigel invasion of EGFRwt or vIII and/or IκBα dominant negative (DM) 

overexpressing cells. r, Immunoblot of the indicated proteins in cells as described in q. 

Western blot images are representative of three independent biological replicates. Actin 

served as the loading control. The numbers below the blots indicate the relative band 

intensity of protein against that of actin. Data are represented as mean ± SEM from three 

independent experiments. Statistical significance was determined by two-tailed one-sample 

Student’s t-test (b, l), or by two-way ANOVA adjusted by Bonferroni’s correction (d, i, j, 
m, o, q). *P < 0.05, ** P < 0.01, *** P < 0.001, ****P < 0.0001. Numerical source data, 

statistic, exact P values and unprocessed blots are available as Source Data.
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Figure 6. Tofacitinib inhibits invasion of glioma cells by EGR1-mediated BIN3 upregulation
a, Immunoblot of BIN3 expression in GBM12 treated with the indicated drugs for 48 

hours. b, Immunoblot of BIN3 expression in multiple lines treated with tofacitinib (1 μM). 

c, Matrigel invasion of multiple lines in the presence or absence of tofacitinib (1 μM). 

d, Immunoblot of pEGFR and EGFR in multiple lines treated with tofacitinib (1 μM). 

e, Immunoblot of the indicated proteins in cells treated with either tofacitinib, cetuximab 

(cet.), IgG control or their combination for 24 hours. f, Matrigel invasion assay of cells 

in the presence or absence tofacitinib, cextuximab or their combination. g, ELISA for 
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HB-EGF in the supernatant of tofacitinib treated multiple lines. h-i, Immunoblot of the 

indicated proteins in cells treated with tofacitinib. j, ELISA for HB-EGF in the supernatant 

of STAT3 siRNA knockdown cells. k, Immunoblot of the indicated proteins in STAT3 

siRNA knockdown cells treated with IgG or cetuximab for 24 hours. l, Matrigel invasion 

assay of STAT3 siRNA knockdown cells in the presence or absence of IgG or cextuximab. 

m, Immunoblot of EGR1 expression in cells treated with tofacitinib. n, EGR1 promoter 

luciferase assay of cells treated with tofacitinib for 2 hours. o, Matrigel invasion assay of 

EGR1 siRNA knockdown cells in the presence or absence of tofacitinib. p, Immunoblot 

of BIN3 expression in EGR1 siRNA knockdown cells treated with tofacitinib for 24 

hours. q, BrdU incorporation assay of multiple lines treated with tofacitinib. r-s, Annexin 

V/PI positive staining assay of cells treated with tofacitinib for 24 hours. t, Matrigel 

invasion assay of BIN3 siRNA knockdown cells in the presence or absence of tofacitinib. 

u, Knockdown efficiency of BIN3 in cells was analyzed by Western blot. The Western 

blot images are representative of three independent biological replicates. Actin served as 

the loading control. The numbers below the blots indicate the relative band intensity of 

protein against that of actin. Data are represented as mean ± SEM from three independent 

experiments. Statistical significance was determined by two-tailed one-sample Student’s 

t-test (c, n), or by two-way ANOVA adjusted by Bonferroni’s correction (f, l, o, r, s, t), or by 

two-tailed unpaired Student’s t-test (g, j, q). *P <0.05, **P < 0.01, ***P < 0.001, ****P < 

0.001, n.s. not significant. Numerical source data, statistics, exact P values and unprocessed 

blots are available as Source Data.
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Figure 7. Tofacitinib prolongs survival, reduces invasiveness and increases proliferation in an 
orthotopic glioblastoma mouse model
a, Kaplan–Meier survival curves of mice in an orthotopic model of GBM12V and 

GBM12TGFα treated with vehicle or tofacitinib (50 mg/kg) (n=8 for GBM12TGFα, n=6 

for GBM12V). P-value represents vehicle vs. tofacitinib in GBM12TGFα groups. b-c, H&E 

staining, SMI-31 immunostaining (black arrows) and quantification of SMI-31 counts in 

GBM12V orthotopic tumours. d-e, TUNEL staining (black arrows) and quantification of 

TUNEL positive cells in GBM12V orthotropic tumour from vehicle and tofacitinib treated 

mice. f, Kaplan–Meier survival curves of mice with orthotopic model of GBM9 treated 

with vehicle or tofacitinib. g-h, H&E staining, SMI-31 immunostaining and quantification 
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of SMI-31 counts in GBM9 orthotopic tumours from vehicle and tofacitinib treated mice. 

i-j, TUNEL staining and quantification of TUNEL positive cells in a GBM9 orthotopic 

tumour. k, Kaplan–Meier survival curves of mice with an orthotopic model of GBM6 

treated with vehicle or tofacitinib. l-m, H&E staining, SMI-31 immunostaining and 

quantification of SMI-31 counts in GBM6 orthotopic tumour. n, ELISA for HB-EGF in 

the supernatants of multiple lines. o, Immunoblot of BIN3 expression in cells treated with 

tofacitinib or EGF. p, Knockdown efficiency of HB-EGF in GBM39 control shRNA and 

HB-EGF shRNA clones was confirmed by ELISA. q, Immunoblot of BIN3 expression 

in GBM39shHB-EGF (GBM39shHB-EGF_1) treated with either tofacitinib or EGF. r, 
Matrigel invasion assay of the inciated cells in the presence or absence of tofacitinib. 

s, Kaplan–Meier survival curves of mice with orthotopic models of GBM39shCtrl and 

GBM39shHB-EGF treated with vehicle or tofacitinib (n=8/group). t-u, H&E staining, 

SMI-31 immunostaining and quantification of SMI-31 counts in GBM39shHB-EGF and 

GBM39shCtrl orthotopic tumours from vehicle and tofacitinib treated mice. The Western 

blot images are representative of three independent biological replicates. Actin served as 

the loading control. Scale bars: 50 μM. Data are represented as mean ± SEM from three 

independent experiments. Statistical significance was determined by log-rank test (a, f, k, 
s), or by two-tailed unpaired Student’s t-test (c, e, h, j, m, u), or by one-way ANOVA 

adjusted by Bonferroni’s correction (n, p), or by two-way ANOVA adjusted by Bonferroni’s 

correction (r). *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.001, n.s. not significant. 

Numerical source data, statistic, exact P values and unprocessed blots are available as 

Source Data.
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Figure 8. TCGA analysis of EGFR and EGFR ligands in GBM
a, The expression distribution of 7 EGFR ligands was represented by Fragments per 

Kilobase of transcript per Million (FPKM) among 154 primary GBM patients from The 

Cancer Genome Atlas (TCGA) with RNAseq data. b, Distribution of EGFR ligands 

signature score and EGFR copy numbers among 149 primary GBM patients from TCGA. 

EGFR ligands signature score was calculated by Single-sample Gene Set Enrichment 

Analysis (ssGSEA) of mRNA levels of 7 EGFR ligands. Details are described in the 

methods. GBM cases with EGFR copy number over 4 were defined as EGFR amplification. 

c, Kaplan-Meier survival analysis of the four groups of patients as described in b. The 

Log-rank test was used to identify EGFR ligands’ dual and opposite effects on prognosis 

between EGFR amp (amplification) and non-amp (non-amplification) GBM patients.* P 
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<0.05, ***: P <0.001. Hazard Ratio (HR): groups with high ligands scores comparing to 

groups with low scores. d, Overall survival (OS) analysis according to pEGFR expression 

in GBM patients. The 204 primary TCGA-GBM patients were divided into high-50% 

and low-50% groups by pEGFR (Y1068) expression level and the effect on survival 

was examined (N=204). e, EGFR, ERBB2, ERBB3, and ERBB4 mRNA levels in EGFR 

amplified samples. Primary TCGA-GBM samples with DNAseq and RNAseq data were 

divided by EGFR copy numbers. f, EGFR, ERBB2, ERBB3 and ERBB4 mRNA levels 

in EGFR amp samples. g-h, 7 EGFR ligands mRNA levels in EGFR non-amp and amp 

samples. i, Overall survival analysis according to signature score of 7 EGFR ligands in 

patients with classical subtype of GBM. Statistical significance was determined by log-rank 

test (c, i), or by Gehan-Breslow-Wilcoxon test (d). Numerical source data, statistic and 

unprocessed blots are available as Source Data.
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