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SUMMARY

Heterotypic interactions across diverse cell types can enable tumor progression and hold the 

potential to expand therapeutic interventions. Here, combined profiling and functional studies of 

glioma cells in glioblastoma multiforme (GBM) models establish that PTEN deficiency activates 

YAP1, which directly upregulates lysyl oxidase (LOX) expression. Mechanistically, secreted LOX 

functions as a potent macrophage chemoattractant via activation of the β1 integrin-PYK2 pathway 

in macrophages. These infiltrating macrophages secrete SPP1, which sustains glioma cell survival 

and stimulates angiogenesis. In PTEN-null GBM models, LOX inhibition markedly suppresses 

macrophage infiltration and tumor progression. Correspondingly, YAP1-LOX and β1 integrin-

SPP1 signaling correlates positively with higher macrophage density and lower overall survival in 

GBM patients. This symbiotic glioma-macrophage interplay provides therapeutic targets 

specifically for PTEN-deficient GBM.
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Chen et al. find that PTEN deficiency in glioblastoma (GBM) increases macrophage infiltration 

via a YAP1-LOX-β1 integrin-PYK2 axis, the infiltrated macrophages in turn secrete SPP1 to 

support GBM survival. In PTEN-null GBM xenograft mouse models, inhibition of LOX reduces 

macrophage infiltration and tumor growth.
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INTRODUCTION

GBM is a lethal primary brain cancer in adults, with a median survival averaging 1 year 

following diagnosis (Lim et al., 2018; Maher et al., 2001; Zhu and Parada, 2002). Genomic 

profiling has defined GBM subgroups and identified alterations in core signaling pathways 

including the RTK/RAS/PI3K/PTEN, P53/ARF/MDM2 and RB/CDKN2A pathways 

(Brennan et al., 2013; Cancer Genome Atlas Research, 2008; Dunn et al., 2012; Zheng et al., 

2008). The mesenchymal, classical and proneural subtypes are enriched for mutational 

alterations in PTEN, TP53, NF1 and RB1; in EGFR; and in PDGFRA and TP53, 

respectively (Verhaak et al., 2010). There is an urgent need to identify effective therapeutic 

strategies as current therapies have failed to improve survival meaningfully over the last 40 

years (Dunn et al., 2012; Hambardzumyan and Bergers, 2015; Khosla, 2016; Roth and 

Weller, 2014).

The basis for therapeutic failure relates to significant inter- and intra-tumoral genetic 

instability and resultant heterogeneity, which generate diverse aberrant signaling pathways 

within and across tumors (Dunn et al., 2012; Patel et al., 2014). Heterogeneity also extends 

to the cellular level, with significant variability observed in the spectrum of stromal and 

immune cell types across different tumors (Quail and Joyce, 2013). The interplay between 
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cancer cells and TME components is known to play pivotal roles in the maintenance of 

cancer hallmarks including angiogenesis and immune sequestration (Hambardzumyan and 

Bergers, 2015). The TME can be shaped by cancer cell-intrinsic signaling pathways and 

secreted factors (Parsa et al., 2007; Quail and Joyce, 2013; Wen et al., 2001; Zerrouqi et al., 

2012). Infiltrating stromal and immune cells are prominent TME components that can affect 

tumor progression (Quail and Joyce, 2013). At the same time, the promise of 

immunotherapy has not yet been realized in GBM, prompting further study of the genetics 

and biology of infiltrating immune cells in specific GBM subsets and genotypes (Butowski 

et al., 2016).

Here, we explore whether and how specific genetic alterations in glioma cells might 

influence the immune composition of the TME and how such infiltrating immune cells 

might in turn function to inhibit or support the growth of glioma cells. Our goal was to 

identify therapeutically actionable targets functioning at the level of these TME heterotypic 

interactions between glioma cells and immune cells.

RESULTS

PTEN deletion/mutation facilitates macrophage infiltration in GBM

To identify specific genetic alterations and immune cell types that might influence GBM 

tumor biology, gene expression signature analyses were used to identify stromal and 

immune cell populations (Yoshihara et al., 2013) that might correlate with patient survival 

and track with specific genotypes. Using The Cancer Genome Atlas (TCGA) GBM datasets, 

we showed that high stromal and immune signatures were correlated with poor outcomes 

(Figure S1A), enriched in mesenchymal patients (Figure S1B), and correlated with genetic 

alterations of the PTEN-PI3K pathway, but not with other signature pathway alterations 

(Figures 1A,B and Table S1).

To assess more directly the relevance of PTEN in modulating the TME, we conducted gene 

expression profiling and Gene Set Enrichment Analysis (GSEA) of PTEN null (CRISPRKO) 

versus parental PTEN-WT SF763 glioma cell lines. Specifically, in these isogenic lines, 

relative to WT controls, GSEA of PTEN-null cells exhibited a profile resembling the 

mesenchymal subtype with markedly increased expression of CTGF, FN1, VIM, CD44 and 

OSMR (Figures S1C,D), and showed prominent representations of immune response 

networks including TNFα/NF-κB signaling, inflammatory response and IL2/STAT5 

signaling (Figure 1C).

To identify specific immune cells linked to PTEN deletions/mutations in GBM, we 

examined the TCGA GBM dataset for 17 types of immune cells using validated gene set 

signatures (Bindea et al., 2013; Engler et al., 2012). These analyses demonstrated that PTEN 
mutated/deleted GBMs correlated with significant enrichment of macrophages (total, M1 

and M2) and, to a lesser extent, dendritic cells, while microglia and other immune cell types 

were not significantly changed (Figure 1D). Given the prominent representation of 

macrophages in PTEN-null GBM, we assessed two gene sets known to be responsible for 

macrophage chemoattraction by GSEA (Subramanian et al., 2005), showing enrichment of 

macrophage chemoattraction gene sets in PTEN-null GBM tumors and SF763 cells 
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compared to PTEN-WT controls (Table S2). The gene sets for macrophages (total, M1 and 

M2) and for macrophage chemoattraction were not altered by other GBM signature 

alterations such as TP53 and EGFR (Table S2). Consistent with these in silico findings, 

transwell migration assays showed greatly enhanced macrophage migration with 

conditioned media (CM) from the PTEN-KO SF763 or PTEN-KO LN229 cells compared 

with CM from PTEN-WT cells (Figures 1E,F and S1E–H). Conversely, re-expression of 

PTEN in PTEN-null U87 tumor model significantly reduced macrophage infiltration 

(Figures 1G and S1I,J). Finally, activated AKT (phospho-AKT at Ser473) induced by PTEN 
deficiency showed a strong positive correlation with macrophage marker expression (CD68 

and Mac-2) in human GBM tissue microarrays (TMAs) (Figures 1H and S1K). Together, 

these findings suggest that PTEN deficiency enhances recruitment of presumed tumor 

promoting macrophages into the GBM TME.

LOX, a potent macrophage chemoattractant, is secreted abundantly by PTEN-deficient 
glioma cells

To elucidate the factors governing macrophage recruitment in PTEN-deficient GBM, we 

examined putative macrophage recruiting factors exhibiting a •2.0-fold change in PTEN-KO 

SF763 cells using a secreted protein database (Chen et al., 2005) (Table S3). RT-qPCR and 

immunoblot analysis showed increased expression and presence in the CM of PTEN-KO 

SF763 cells for LOX, CXCL5, FABP5 and SERPINE2, with LOX showing a dramatic 

increase (Figures 2A–C). Enhanced production of LOX, but not CXCL5, FABP5 or 

SERPINE2, was confirmed in a second PTEN-WT GBM cell line, LN229, upon PTEN 
deletion (Figure S2A). Moreover, LOX expression levels were decreased upon re-expression 

of PTEN in two PTEN-deficient GBM cell lines, U87 and U251 (Figures 2D and S2B) and 

in the PTEN-deficient human PDX line GSC23 (Figure S2C). The relationship between 

PTEN and LOX was reinforced further by the positive correlation between phospho-AKT 

(Ser473) and LOX in a panel of human PDX lines, including of GSC17, TS603, GSC107, 

GSC7–10 and GSC23 (Figure 2E). In contrast to PTEN alterations, CRISPR-directed 

homozygous deletion of TP53 in SF763 cells or overexpression of EGFR mutant 

(EGFRvIII) in distinct cell lines (including LN229 cells, astrocytes and NSCs) did not 

increase LOX expression and/or secretion (Figures S2D,E). Finally, CRISPR-directed 

homozygous deletion of PTEN in the prostate cancer cell line DU145 and breast cancer cell 

line T-47D had minimal impact on LOX expression and secretion (Figure S2F), consistent 

with cell type specificity. Together, these findings demonstrate that LOX is preferentially 

and abundantly secreted by PTEN-deficient glioma cells.

Next, to validate the capacity of LOX to function as a macrophage chemoattractant in vitro, 
we utilized the transwell assay and showed that recombinant LOX-supplemented media 

increased macrophage migration to a level comparable to MCP-1 (aka, CCL2), a known 

potent macrophage chemokine (Figures 2F). To confirm the chemoattractant ability of LOX 

in vivo, matrigel plugs with or without LOX supplementation were implanted 

subcutaneously, revealing that F4/80+ macrophage density was significantly increased in the 

LOX-supplemented matrigel plugs compared with controls (Figure 2G). The Gene Ontology 

Enrichment Analysis (GOEA) on the sub-ontology of Cell Compartment in TCGA GBM 

patients showed that LOX promotes extracellular matrix remodeling (Table S4), which is 
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consistent with previous findings (Barker et al., 2012). The GOEA on the sub-ontologies of 

Biological Process and Molecular Function, as well as KEGG Enrichment Analysis in 

TCGA GBM patients, demonstrated that the migration of leukocytes and/or myeloid cells, as 

well as the chemokine/cytokine activity were the top LOX-regulated processes (Table S4). 

Thus, LOX functions as a potent chemokine for the recruitment of macrophages to the GBM 

TME.

Finally, to further confirm the role of LOX in the enhanced macrophage migration induced 

by PTEN-deficient glioma cells, we employed both genetic (LOX-specific shRNAs) and 

pharmacologic (LOX inhibitor β-aminopropionitrile [BAPN]) approaches. Notably, neither 

LOX shRNA nor BAPN affected the proliferation and apoptosis of either PTEN-WT or 

PTEN-KO glioma cells in vitro (Figures S2H–J). In contrast, CM from PTEN-KO SF763 

cells pretreated with BAPN or expressing LOX shRNA induced significantly less 

macrophage migration than CM from untreated PTEN-KO SF763 cells (Figures 2H,I and 

S2K). Tumor-associated macrophages (TAMs) consist of M1 and M2 subtypes, and are 

usually biased to the M2 phenotype which is associated with GBM progression (Chen et al., 

2017a; Hambardzumyan et al., 2016). We found that the PTEN-LOX pathway was not 

associated with the degree of M2 polarization in GBM (Figures S2L7–O), i.e., GBM TAMs 

were consistently of M2 phenotype regardless of PTEN status, and LOX did not show an 

effect on macrophage polarization (Figures S2P,Q). In summary, these results reinforce that 

increased LOX expression is associated with PTEN-deficient glioma and that LOX functions 

as a potent macrophage chemoattractant in this GBM subtype.

YAP1 is activated in PTEN-null glioma cells and regulates LOX expression

To explore PTEN regulation of LOX expression, GSEA was utilized to catalogue signaling 

pathways modulated by PTEN status. We found that SRC, AKT, NOTCH1 and YAP1 were 

the top pathways activated in PTEN-null GBM cells compared to PTEN-WT controls, which 

was confirmed by Western blot analysis and/or RT-qPCR analysis of signature genes in these 

pathways (Figures 3A,B and S3A–D). To investigate the functional relevance of these 

pathways, PTEN-KO SF763 cells were treated with various pathway inhibitors including 

SRC inhibitor KX2–391, AKT inhibitor MK2206, NOTCH1 inhibitor LY3039478 or YAP-

TEAD interaction inhibitor verteporfin (Johnson and Halder, 2014). The SRC inhibitor 

blocked YAP1 and LOX up-regulation, but had no effect on AKT phosphorylation or 

NOTCH1 expression. Conversely, the AKT inhibitor repressed YAP1, LOX, and NOTCH1, 

and had no impact on SRC phosphorylation in the PTEN-KO cells (Figures 3B and S3E). 

However, the NOTCH1 inhibitor had no effect on YAP1 or LOX in PTEN-KO cells (Figure 

S3D), suggesting that the NOTCH1 signaling pathway is not involved in PTEN-dependent 

LOX regulation. Finally, YAP1-TEAD inhibitor verteporfin repressed LOX expression in 

PTEN-KO GBM cells (Figure 3C). As LOX is a secreted protein, the impact of these 

inhibitors on LOX expression in glioma cells mirrored the effect on LOX levels in CM 

(Figure 3D). Together, these in silico and pharmacological findings suggest that SRC/AKT-

YAP1 signaling pathways are involved in PTEN-dependent regulation of LOX expression in 

glioma cells.

Chen et al. Page 5

Cancer Cell. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The above circumstantial evidence prompted us to obtain more direct evidence of a role for 

YAP1 in LOX regulation. YAP1 is a transcriptional coactivator, whose transcriptional 

activity is mediated by TEAD transcription factors; in addition, YAP1 largely exerts its 

transcriptional control via distal enhancers that are marked by H3K27 acetylation 

(H3K27ac) (Stein et al., 2015). Correspondingly, we performed ChIP-PCR analysis in 

PTEN-null U87 cells and PTEN-KO SF763 cells as well as their PTEN-WT controls and 

observed specific YAP1 and H3K27ac binding to the LOX promoter in these cells. 

Interestingly, the binding was enhanced in PTEN-deficient cells compared to PTEN-WT 

cells (Figure 3E). Moreover, ChIP-seq analysis of H3K27ac marks on PTEN-deficient cells 

exhibited specific peaks at the LOX promoter (Figure 3F). In addition, on the genetic level, 

shRNA-mediated YAP1 depletion in PTEN-mutated/deleted glioma cells reduced LOX 

expression (Figures 3G and S3F). With respect to macrophage recruitment, CM from PTEN-

mutated/deleted glioma cells transfected with shRNAs against YAP1, or pretreated with 

verteporfin, showed decreased macrophage migration (Figures 3H,I and S3G,H). Together, 

these findings reinforce the role of SRC/AKT-YAP1 in regulation of LOX expression and 

subsequent increased macrophage recruitment specifically in PTEN-deficient GBM.

LOX activates β1 integrin-PYK2 signaling to recruit macrophages

To explore the molecular mechanisms underlying LOX-directed macrophage recruitment, 

we first documented LOX protein uptake by macrophages using Western blot, flow 

cytometry and immunofluorescence (Figures 4A,B and S4A,B). Although the caveolae/lipid 

raft and clathrin-dependent pathways play important roles in endocytosis of many cargoes 

(Mayor et al., 2014; Nabi and Le, 2003), inhibition of these pathways showed no impact on 

LOX internalization (Figures S4C,D). Since previous work has shown that LOX action can 

be mediated by β1 integrin (Gao et al., 2010; Levental et al., 2009; Matsuura et al., 2016), 

we hypothesized that LOX internalization into macrophages might be regulated by β1 

integrin. Immunofluorescence and co-immunoprecipitation (co-IP) studies demonstrated that 

β1 integrin was highly expressed by macrophages (Figure 4C), and interacted with LOX in 

macrophages (Figure 4D). Moreover, shRNA-mediated depletion of β1 integrin abolished 

the internalization of LOX into macrophages (Figures 4E), demonstrating that LOX 

internalization into macrophages occurs in part via the β1 integrin receptor.

Following internalization, LOX may trigger the activation of downstream signaling 

pathways that are responsible for LOX-induced macrophage migration. Thus, we performed 

an unbiased analysis using a human phospho-kinase antibody array and identified that PYK2 

was one of the top three signals significantly activated upon treatment with recombinant 

LOX protein (Figures S4E,F), which has been shown as a key signaling regulator of 

macrophage migration (Okigaki et al., 2003). In our glioma system, Western blotting 

confirmed that phosphorylation of PYK2 (Y402), but not the structurally related tyrosine 

kinase FAK (Y397), was induced by LOX in a time- and dose-dependent manner (Figures 

4F and S4G). It has been shown that the reactive oxygen species hydrogen peroxide (H2O2) 

is a direct byproduct of LOX activity, which is able to activate downstream signaling 

pathways (Cox et al., 2015; Pez et al., 2011) and is required for the chemotactic ability of 

LOX (Li et al., 2000). To investigate whether LOX-induced macrophage migration is 

regulated by H2O2, we performed macrophage transwell migration with recombinant LOX 
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protein in the presence or absence of catalase, which can rapidly degrade H2O2. We found 

that LOX-induced macrophage migration was significantly inhibited by catalase (Figure 

S4H). Based on these findings and previous studies showing that H2O2 is able to activate 

PYK2 (Yamamoto et al., 2008), we hypothesized that LOX-induced macrophage migration 

in GBM might be regulated by the PYK2 signaling pathway. A macrophage transwell 

migration assay showed that LOX-induced macrophage migration was inhibited by shRNA 

knockdown of PYK2 (Figure 4G), and by PF-00562271 (a dual inhibitor for PYK2 and 

FAK) at 16 nM, a dose inhibiting both kinases, but not at 3 nM, which only inhibits FAK 

(Roberts et al., 2008) (Figures 4H and S4I). Together, these findings support a role for β1 

integrin-PYK2 signaling in LOX-directed macrophage migration into the GBM TME.

Inhibition of LOX reduces TAM recruitment, inhibits tumor growth and extends survival in 
various GBM models

We recently generated a de novo GBM model using human neural stem/progenitor cells 

(hNSCs) engineered with a constitutively active myristoylated form of AKT (myr-AKT) and 

dominant-negative mutant of P53 (P53DN) (Hu et al., 2016). Using this model, we observed 

a prominent YAP1 signature and high LOX expression in myr-AKT/P53DN hNSCs relative 

to P53DN-hNSCs controls (Figures S5A–D). GBM tumors derived from the myr-AKT/

P53DN hNSCs showed high expression of YAP1, β1 integrin, LOX and macrophage 

markers (Mac-2 and CD68) relative to tumors derived from glioma cells with lower levels of 

AKT (GSC TS543) (Hu et al., 2016) (Figure 5A). These correlative results prompted us to 

assess more rigorously the impact of LOX inhibition on macrophage recruitment and tumor 

growth in vivo.

Using shRNA-mediated depletion of LOX, small molecule LOX inhibitor BAPN, or 

neutralizing anti-LOX antibody, LOX depletion/inhibition significantly impaired tumor 

growth in both the PTEN-null U87 orthotopic model (Figures 5B–D and S5E) and the 005 

GSC orthotopic model (Figure S5F) that is a GSC line isolated from GBMs with lentiviral 

transduction of brains with activated AKT and H-Ras in Trp53+/− mice (Marumoto et al., 

2009; Saha et al., 2017). Accordingly, the macrophage infiltration was significantly impaired 

upon LOX inhibition in both models (Figures 5E,F and S5G,H). As a result, LOX inhibition 

using either shRNA or BAPN dramatically extended survival in several PTEN-deficient 

GBM mouse models, including human models in SCID mice and murine models in 

C57BL/6J mice. The human models included U87, PDX GSC23, and myr-AKT/P53DN 

hNSC models (Figures 5G–I and S5I). The immune intact murine models included the 005 

GSC model and the QPP7 GSC model, a line derived from an engineered mouse GBM 

model with null alleles for Pten, Qki and Trp53 (Shingu et al., 2017) (Figures 5J and S5J). 

To confirm that macrophages were the critical target of LOX inhibition in impairing tumor 

growth, we compared the effect of LOX inhibitor BAPN and clodronate liposomes (which 

deplete macrophages in mice). Each agent equally extended survival, and their combined use 

did not exhibit additional antitumor effects (Figure S5J). In contrast, we found that BAPN 

did not impair the tumor growth of PTEN-intact GBM tumors (including the PTEN-WT 

GL261 model, PTEN-overexpressing U87 model and PTEN-WT Ink4a/Arf-null NSCs with 

EGFRvIII overexpression model) (Figures S5K–P). Together, these in vivo results validate 
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the importance of TAMs in promoting glioma growth and support LOX as a therapeutic 

target specifically for PTEN-deficient/high AKT-activated GBM.

LOX inhibition promotes glioma cell apoptosis and impairs angiogenesis by decreasing 
TAM-derived SPP1

To understand how LOX-regulated TAMs contribute to GBM progression, tumor biological 

hallmarks were assessed in LOX-inhibited tumors. While LOX inhibition had no impact on 

glioma cell proliferation (Figures S6A–C), anti-LOX treatment was associated with 

increased glioma cell apoptosis and decreased tumor angiogenesis (Figure 6A), prompting 

speculation that these TAMs may secrete factors supporting glioma survival and 

angiogenesis. To identify such factors, we first analyzed RNA-seq data from mouse glioma-

associated bone marrow-derived macrophages (BMDMs) and blood-derived monocytes 

(Bowman et al., 2016), which revealed 16 genes encoding secreted proteins (Chen et al., 

2005) that were overexpressed in glioma-associated BMDMs compared to blood-derived 

monocytes (Figures S6D,E). Next, we performed unsupervised clustering with a well-

established macrophage signature (Bindea et al., 2013) of 489 TCGA GBMs to generate 

three subtypes: Macrophage-high (n=201), Macrophage-medium (n=153) and Macrophage-

low (n=135) (Figure S6F). In these subtypes, we identified 8 genes with expression 

correlating positively with TAM infiltration in GBM patients (Figure S6G). Among these 8 

genes, Spp1 was the highest upregulated gene in IL4-polarized M2 BMDMs compared to 

PBS-treated controls (Figure 6B), and in human GBM TAMs compared to blood-derived 

monocytes isolated from GBM patients or from healthy controls (Gabrusiewicz et al., 2016) 

(Figure 6C). The relationship between SPP1 and TAMs was further reinforced by the 

positive correlation between SPP1 and TAM gene signatures (including total and M2 

macrophage gene sets) in TCGA GBM patient datasets (Figures S6H,I), as well as by their 

co-localization in mouse 005 GSC tumors and human GBM tumors (Figure 6D). TAM 

infiltration has been shown to promote angiogenesis and correlate negatively with patient 

survival (Hambardzumyan et al., 2016; Zhu et al., 2017). Correspondingly, SPP1 expression 

was up-regulated in GBM patients (Figure S6J), negatively correlated with patient survival 

(Figure S6K), and positively correlated with angiogenesis (Figure S6L). Higher 

angiogenesis correlated with increased macrophages and lower overall survival in GBM 

patients (Figures S6M,N). More importantly, SPP1 expression was dramatically decreased in 

LOX-inhibited GBM tumors (Figure 6E), and positively correlated with LOX expression in 

GBM patients (Figure 6F). Furthermore, SPP1 inhibited LPS-induced glioma cell apoptosis 

(Figure 6G). Finally, co-implantation of glioma cells and M2-polarized macrophages 

harboring Spp1 shRNA significantly extended mouse survival, enhanced apoptosis and 

decreased angiogenesis when compared with M2 macrophages harboring shRNA control 

(Figures 6H–J). Together, these results demonstrate that LOX inhibition impairs GBM 

progression in part by decreasing TAM-derived SPP1.

An active YAP1-LOX-β1 axis tracks with macrophage prominence in human GBM

The clinical relevance of our experimental findings was supported by bioinformatics and 

TMA analyses showing that the expression of YAP1, LOX, β1 integrin (ITGB1) and Mac-2 

(LGALS3) was enhanced in GBM tumors, which negatively correlated with overall survival 

of GBM patients (Figures S7A–F). Using the macrophage clustering shown in Figure S6F, 
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we found that patients in the Macrophage-high group harbored more frequent PTEN 
mutation/deletion and exhibited poorer survival compared to patients in the Macrophage-low 

group (Figures 7A–C). GSEA demonstrated that two YAP1 gene signatures (including 

Cordenonsi_YAP_Conserved_Signature and YAP1_UP) were highly enriched in 

Macrophage-high samples compared with Macrophage-low samples (Figure 7D). 

Correspondingly, higher YAP1, LOX and ITGB1 expression was present in the Macrophage-

high versus Macrophage-low patients (Figures 7E–G). Finally, we observed positive 

expression correlations among YAP1, LOX, β1 integrin (ITGB1) and Mac-2 (or a 

macrophage gene signature) in both GBM TMAs (protein) and TCGA GBM database 

(mRNA) (Figures 7H,I). Together, these correlative human GBM findings are consistent 

with the hypothesis that PTEN deficiency-induced activation of the YAP1-LOX-β1 integrin 

axis drives macrophage recruitment.

DISCUSSION

In this study, we explored the mechanisms underlying the recruitment of TAMs, the most 

abundant cell type accounting for up to 50% of live cells within a GBM tumor (Chen et al., 

2017b), and assessed their role in gliomagenesis. We established that PTEN deficiency 

promotes YAP1-driven LOX expression in glioma cells and that LOX activates the β1 

integrin-PYK2 pathway in macrophages to promote their infiltration into GBM TME. In 

addition to affecting the function of other immune cells (Hussain et al., 2006; Morford et al., 

1999), TAMs are known to promote glioma cell survival and angiogenesis (Hambardzumyan 

et al., 2016; Kanamori et al., 2006; Samaras et al., 2007). We identified that these infiltrated 

TAMs promote tumor growth in part through SPP1 secretion which promotes glioma cell 

survival and angiogenesis. Consonant signaling patterns in human GBM supports the 

hypothesis that targeting these heterotypic interactions could provide clinical benefit 

specifically for PTEN-deficient GBM patients (Figure 8).

Recent comprehensive genomic profiling and functional studies of GBM have yielded a 

paucity of druggable driver mutations, with such alterations occurring against the backdrop 

of extreme genetic and functional heterogeneity across the glioma cell compartment 

(Palumbo et al., 2015; Patel et al., 2014). Detailed explorations of the cellular and molecular 

composition of the GBM TME have catalogued the diverse signaling molecules and cell 

types including immunocytes and endothelial cells (Quail and Joyce, 2013) which are 

increasingly recognized as a potential source of therapeutic targets (Chen et al., 2015; 

Hambardzumyan et al., 2016; Quail and Joyce, 2013). Mounting evidence also points to an 

important role of glioma genetics in the regulation of the GBM TME, including PTEN 
deficiency-mediated upregulation of PD-L1 which promotes immune escape (Parsa et al., 

2007), P14ARF-mediated upregulation of metalloproteinase-3 which inhibits angiogenesis 

(Zerrouqi et al., 2012), rearrangement and activation of EGFRviii which promotes 

angiogenesis via the NF-κB-interleukin-8 (IL-8) pathway (Bonavia et al., 2012). In our 

study, we established that PTEN-dependent LOX-driven regulation of macrophage 

infiltration supports GBM progression in animal models, and that this axis tracks with poor 

clinical outcomes. Our work reinforces the importance of the TME, particularly TAMs, in 

GBM biology, and identifies potential targets along with specific responder population for 

such intervention.
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In exploring the link between PTEN and LOX, we observed that PTEN inactivation triggers 

activation of multiple downstream signaling pathways in glioma cells, most prominently 

AKT and SRC, consistent with previous work (Dey et al., 2008). Our study demonstrates 

that these two pathways play key roles in LOX upregulation in glioma cells. In contrast, 

while activating mutations in EGFR are common in GBM and can also activate AKT 

(Brennan et al., 2013; Cancer Genome Atlas Research, 2008), the failure of EGFR activation 

to increase LOX expression and macrophage infiltration may relate to the compensatory 

regulation of other pathways. YAP1 is a key regulator of LOX transcription in GBM, and the 

Hippo-YAP1 pathway is known to play an important role in cancer progression (Johnson 

and Halder, 2014; Kapoor et al., 2014). In the context of our study, it is interesting that 

previous work has shown that YAP1 downregulates PTEN via induction of miR-29 

(Tumaneng et al., 2012). Together with our findings, this points to a reciprocal regulatory 

interaction between YAP1 and PTEN which may induce a potent feedback loop to promote 

GBM progression through LOX production. The importance of YAP1 in gliomagenesis is 

supported by recent studies demonstrating that YAP1 activation promotes the recruitment of 

macrophages and myeloid-derived suppressor cells via directly transcriptional regulation of 

chemokines (including CCL2, CSF1 and CXCL5) in liver and prostate cancer (Guo et al., 

2017; Wang et al., 2016). These distinct YAP1-driven mechanisms of macrophage 

recruitment in different cancers underscores the need for precision medicine approaches in 

various cancer types and genotypes.

Our work showing that LOX inhibition impairs GBM progression by blocking macrophage 

infiltration yet does not directly affect glioma cells aligns with previous studies showing that 

LOX is essential for bone marrow cell recruitment and stimulating osteoclasts/osteoblasts to 

form a pre-metastatic niche with no direct impact on cancer cells (Cox et al., 2015; Erler et 

al., 2009; Erler et al., 2006; Rachman-Tzemah et al., 2017). Our work further reinforces the 

view that LOX can act as a potent chemokine produced by glioma cells to attract 

macrophages into GBM TME. LOX has been shown to trigger the activation of several 

downstream signaling pathways, such as β1 integrin and FAK, to promote cancer metastasis 

(Baker et al., 2011; Erler et al., 2006; Gao et al., 2010; Levental et al., 2009). While our 

work also shows that macrophage β1 integrin can mediate LOX uptake and drive the LOX 

responsiveness of macrophages, we showed that PYK2, but not FAK, is required for LOX-

induced macrophage infiltration in GBM. This role of PYK2 is consistent with previous 

studies showing that PYK2 is crucial for macrophage migration in response to SDF1α 
(Okigaki et al., 2003). Lysosomal degradation may affect LOX-regulated downstream 

pathways, however LOX secretion from PTEN-deficient GBM cells and internalization into 

macrophages would be continuous processes that can activate the PYK2 signaling. Together, 

our study reveals that LOX specifically recruits macrophages in GBM via the β1 integrin-

PYK2 pathway.

The identification of SPP1 as an abundant TAM-secreted factor in GBM, coupled with the 

anti-tumor impact of SPP1 inhibition, encourages the development of therapeutic agents 

targeting SPP1-expressing TAMs in GBM patients. Interestingly, a recent study showed that 

SPP1 is required for macrophage infiltration and M2 maintenance in GBM (Wei et al., 

2018), which in turn can induce a positive feedback loop for the production and GBM-

promoting effect of TAM-derived SPP1. However, our work establishes that this effect is 
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context and cell type dependent, since previous studies demonstrated that endogenous SPP1 

in non-transformed cells at tumor-free context can promote microglia M1 polarization 

(Ellert-Miklaszewska et al., 2016), and loss of stroma-derived SPP1 creates a GBM-

promoting microenvironment, but decreases angiogenesis and does not affect BMDM 

infiltration (Szulzewsky et al., 2018). Given the known immune suppressive role of TAMs, it 

is tempting to speculate that a combination of targeting M2 macrophages and T cell 

checkpoint blockade could benefit GBM patients. However, while CSF1R inhibitors impede 

GBM progression and decrease M2 macrophages (Hambardzumyan et al., 2016; Pyonteck et 

al., 2013; Quail et al., 2016), the anti-tumor responses have been shown to be transient in 

GBM mouse models (Quail et al., 2016), and a phase II clinical trial with CSF1R inhibitor 

PLX3397 has shown minimal activity in recurrent GBM patients which could relate to the 

loss of TAMs (Butowski et al., 2016). Notably, two of 37 GBM patients with extended 

progression free survival (Butowski et al., 2016) are the mesenchymal subtype in which 

PTEN deficiency is common. Our findings that LOX inhibition increases survival in PTEN 

deficient GBM models, coupled with the fact that the LOX inhibitor is bloodbrain barrier 

penetrable, should motivate the testing of BAPN specifically in PTEN deficient GBM 

patients.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Ronald A. DePinho (RDePinho@mdanderson.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—The GBM cell lines SF763, U87, U251, U343 and LN229, as well as J714 

macrophages and 293T cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM). DU145 cells were cultured in Eagle’s Minimum Essential Medium (EMEM). 

THP-1 and Raw264.7 macrophage cell lines and T-47D were cultured in RPMI 1640 

medium (RPMI). All cell lines were cultured in indicated medium containing 10% FBS 

(Sigma) and 1:100 antibiotic-antimycotic (Gibco), and purchased from the American Type 

Culture Collection (ATCC). All human cell lines have been validated through fingerprinting 

by the MD Anderson Cell Line Core Facility. The mouse GBM tumor-derived glioma stem 

cell lines 005 GSC (Saha et al., 2017) and QPP7 GSC was provided by Dr. S.D. Rabkin 

(Massachusetts General Hospital, Harvard Medical School, Boston) and Dr. J. Hu (MD 

Anderson Cancer Center, Houston), respectively. P53DN-hNSCs and P53DN-AKT-hNSCs 

were generated by our laboratory as described recently (Hu et al., 2016). Ink4a/Arf−/− 

astrocytes and NSCs with or without EGFRviii overexpression were provided by Dr. R.M. 

Bachoo (UT Southwestern Medical Center, Dallas). Astrocytes were cultured in DMEM 

containing 10% FBS and 1:100 antibiotic-antimycotic. All the GSCs and NSCs were 

cultured in NSC proliferation media (Millipore Corporation, Billerica, MA) containing 20 

ng/ml EGF and 20 ng/ml bFGF. All cells were confirmed to be mycoplasma-free, and 

maintained at 37 °C and 5% CO2. BMDMs from C57BL/6 mice were cultured as previously 

described (Chen et al., 2017a). Conditioned media were collected from treated or untreated 

cells as indicated after culturing for 24 hr in FBS-free culture medium.
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Mice and intracranial xenograft tumor models—Female ICR SCID and C57BL/6 

mice (3–4 weeks age) were purchased from Taconic Biosciences and The Jackson 

Laboratory, respectively. Mice were grouped by 5 animals in large plastic cages and were 

maintained under pathogen-free conditions. All animal experiments were performed with the 

approval of MD Anderson Cancer Center’s Institutional Animal Care and Use Committee 

(IACUC).

The intracranial xenograft tumor models in SCID mice or C57BL/6 mice were established as 

we described recently (Hu et al., 2016). The mice were bolted and intracranially implanted 

with cells as indicated at MD Anderson’s Brain Tumor Center Animal Core. Briefly, the 

mice were anesthetized by intraperitoneal injection of ketamine/xylazine (200 mg ketamine 

and 20 mg xylazine in 17 mL of saline) at a dosage of 0.15 mg/10 g body weight. The 

plastic screw was rotated into a small drill hole made 2.5 mm lateral and 1 mm anterior to 

the bregma and the central hole of the guide screw was closed by placing a cross-shaped 

stylet inside it. After one week recovery, mice were placed into group of four or five animals 

for cells implantation. The cells were injected in 5 μl culture medium. Mice with 

neurological deficits or moribund appearance were sacrificed. Following the transcardial 

perfusion with 4% paraformaldehyde (PFA), brains were removed and fixed in formalin, and 

were processed for paraffin embedded blocks.

Human Samples—Tissue microarrays (TMA) containing 32 GBM, 3 anaplastic 

astrocytoma samples and 5 normal brain tissues were purchased from US Biomax 

(Cat#GL806e). These materials were commercially available anonymized and de-identified. 

According to MD Anderson’s Institutional Review Board the conducted research meets the 

criteria for exemption #4 (45 CFR 46.101(b) Categories of Exempt Human Subjects 

Research) and does not constitute human research.

METHOD DETAILS

shRNA knockdown—shRNA hairpins targeting human LOX and YAP1 as well as mouse 

Ptk2b, Itgb1 and Spp1, were used in this study. We screened five to seven hairpins of each 

gene and chose the sequences that reduced protein levels by >70%. These selected hairpins 

were in the pLKO.1 vector. Recombinant lentiviral particles were produced by transient 

transfection of plasmids into 293T cells. In brief, 8 μg of the shRNA plasmid, 4 μg of the 

psPAX2 plasmid, and 2 μg of the pMD2.G plasmid were transfected using Lipofectamine 

2000 into 293T cells plated in 100-mm dishes. Viral supernatant was collected 48 hr and 72 

hr after transfection and filtered. Cells were infected twice in 48 hr with viral supernatant 

containing 10 μg/ml polybrene, and then selected using 2 μg/ml puromycin and tested the 

expression of LOX, YAP1, PYK2 and β1 integrin by immunoblot and SPP1 by RT-qPCR.

Knockout using CRISPR—sgRNA plasmids targeting human PTEN (sc-400103) and 

TP53 (sc-416469) were purchased from Santa Cruz Biotechnology. The plasmids with 

sgRNA were transiently transfected into cells (SF763, LN229, DU145 or T-47D cells) using 

Lipofectamine 2000. Cells were harvested 72 hr later, and ten GFP-positive cells were sorted 

into each well of a 96-well plate by flow cytometry, followed by immunoblotting for PTEN 

and P53 protein. PCR sequencing was also performed using genomic DNA extracted from 
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PTEN- or TP53-deficient single clones to identify genetic alteration at PTEN or TP53 allele. 

Finally, we chose the single clone in which one or more premature stop codons were 

introduced in coding exons by sgRNA-induced mutations.

Immunoprecipitation and immunoblotting—For β1 integrin immunoprecipitation, 

cells were lysed in NP-40 buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.3% 

Nonidet P-40, and protease inhibitor cocktail (Sigma-Aldrich). Cell lysates (500 μl) were 

incubated with anti-β1 integrin antibody (Abcam #ab183666) or control IgG and Protein 

A/G PLUS-Agarose (40 μl, Santa Cruz Biotechnology, sc-2003) overnight at 4 °C. The 

beads were washed three times with NP-40 buffer, followed by immunoblotting. 

Immunoblotting was performed following standard protocol. Antibodies were purchased 

from the indicated companies, including Cell Signaling (PTEN, #9188S; S473P-AKT, 

#3787S; AKT, #2910S; T416P-SRC, #6943S; SRC, #2109S; Notch1, #4380S; YAP1, 

#14074S; T402P-PYK2, #3291S; PYK2, #3090S; T397P-FAK, #3283S;FAK, #3285S; 

T1068P-EGFR, #3777S and EGFRviii, #64952S), Abcam (LOX, #ab174316; CXCL5, 

#ab9802; SEMA3E, #ab128619, SERPINE2, #ab134905 and β1 integrin, #ab179471), R&D 

system (FABP5, #AF3077), EMD Millipore (Vinculin, #05–386), Santa Cruz (P53, #sc-126) 

and Sigma (ȕ-actin, #A3854).

Immunohistochemistry and immunofluorescence—Immunohistochemistry was 

performed using standard protocol as we previously described (Chen et al., 2017a; Zhao et 

al., 2017). In brief, a pressure cooker (95 °C for 30 min followed by 120 °C for 10 s) was 

used for antigen retrieval using antigen unmasking solution (Vector Laboratories). 

Antibodies specific to Mac-2 (BioLegend, #125403), S473P-AKT, PTEN, YAP1, LOX, β1 

integrin, CD68 (Abcam, #ab53444), cleaved caspase 3 (CST, #9661S), Ki67 (Thermo 

Scientific, #RM-9106-S1), CD31 (Abcam, #ab28364) were used in this study. The human 

and mouse tumor tissue sections were reviewed and scored as reported recently (Chen et al., 

2017a). Slides were scanned using Pannoramic 250 Flash III (3DHISTECH Ltd) and images 

were captured through Pannoramic Viewer software (3DHISTECH Ltd). The studies related 

to human specimens were approved by the MD Anderson Institutional Review Board under 

protocol #PA14–0420.

Immunofluorescence was performed using the standard protocol in cells and tissues. 

Antibodies specific to F4/80 (Abcam, #ab6640), CD68, CD206 (R&D system, #AF2535), 

LOX, YAP1, β1 integrin, CD31, cleaved caspase 3 and SPP1 (Santa Cruz, #sc-21742) were 

used. Images were captured using a fluorescence microscope (Leica DMi8).

Migration assay—Macrophages (1 × 104 for Raw264.7 and 5 × 105 for THP-1 

macrophages) were suspended in serum-free culture medium and seeded into 24-well 

Transwell inserts (5.0 μm). Medium with indicated factors or conditioned media was added 

to the remaining receiver wells. After 8 (Raw264.7 macrophages) or 24 h (THP-1 

macrophages), the migrated macrophages were fixed and stained with crystal violet (0.05%, 

sigma), and then counted as cells per field of view under microscope or measured as OD590 

nm (expressed as migration index) after crystal violet was dissolved.
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Colony formation assay—Glioma cell proliferation in vitro was assayed through colony 

formation. 1 × 104 cells were seeded in each well of 6-well plates and cultured for 5–7 days. 

At the end point, cells were fixed and stained with 0.5% crystal violet in 25% methanol for 1 

hr. These experiments were performed in triplicate.

Flow cytometry—LOX recombinant protein was labelled with FITC using a kit 

(BioVision, #K832–5) according to manufacturer’s protocol. Macrophages were treated with 

FITC-labeled LOX for 1 hr. After washing twice using cold PBS, cells were analyzed by 

flow cytometer (Becton Dickinson).

ChIP–seq and ChIP-PCR—ChIP was performed as we described recently (Zhao et al., 

2017). Briefly, chromatin from PFA-fixed U87, U87-PTEN OE, SF763 or SF763-PTEN KO 

cells were cross-linked using 1% PFA (10 min) and then reactions were quenched using 

0.125 M glycine (5 min) at room temperature. Cells were lysed with ChIP lysis buffer [10 

mM Tris-HCl (pH 8.0), 140 mM NaCl, 1 mM EDTA (pH 8.0), 1% Triton X-100, 0.2% SDS 

and 0.1% deoxycholic acid] for 30 min on ice. Chromatin fragmentation was performed 

using a Diagenode BioruptorPico sonicator (30 s on and 30 s off, 45 cycles). Solubilized 

chromatin was then incubated with the appropriate mixture of antibody [YAP1 (Novus, 

#NB110–58358) or H3K27ac (Abcam, ab4729)] and Dynabeads (Life Technologies) 

overnight. Immune complexes were then washed with RIPA buffer (three times), once with 

RIPA-500 (RIPA with 500 mM NaCl), and once with LiCl wash buffer [10 mM Tris-HCl 

(pH 8.0), 1 mM EDTA (pH 8.0), 250 mM LiCl, 0.5% NP-40 and 0.5% deoxycholic acid]. 

Elution and reverse-crosslinking were performed in direct elution buffer [10 mM Tris-Cl 

(pH 8.0), 5 mM EDTA, 300 mM NaCl, 0.5% SDS] containing proteinase K (20 mg/ml) at 

65 °C overnight. Eluted DNA was purified using AMPure beads (Beckman-Coulter), which 

then was used to generate libraries using NEBNext Ultra DNA Library kit (E7370), or to 

perform qPCR. Sequencing was performed using an Illumina HiSeq 2500 instrument to 

generate dataset.

mRNA expression analysis and microarray—RNA was isolated from cells using 

Trizol (Invitrogen) following the manufacturer’s instructions. RNA (200–500 ng) was first 

treated with RNase-free DNase I using the DNA-free kit (Ambion) to remove all genomic 

DNA, and then reverse-transcribed into cDNA using an ABI High Capacity cDNA RT Kit 

(Invitrogen). The cDNA was analyzed using real-time quantitative PCR (SYBR Green, 

Invitrogen) with an Applied Biosystems 7900 Sequence Detection System. Each reaction 

was performed in triplicate. The expression of each gene was normalized by that of mouse 

Actin or human GAPDH.

RNA was isolated from cells using TRIzol Reagent (Invitrogen; #15596–026) according to 

the manufacturer’s instructions. RNA was then further purified with RNeasy (QIAGEN) and 

then was reverse-transcribed into cDNA using the SuperScript III First-Strand Synthesis 

System (Invitrogen). RT-qPCR was performed to analyze the expression of targeted genes 

using the SYBR Green PCR Master Mix (Applied Biosystems). Primers are listed in Table 

S5. Microarray analysis was performed on RNA prepared from PTEN-WT and PTEN-KO 

SF763 cells (biological triplicates for control and PTEN-KO SF763 cells) at the MD 

Anderson Microarray Core facility using the GeneChip Human Clariom D array 
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(Affymetrix) to generate dataset. Genes that were differentially expressed between control 

and PTEN-depleted SF763 cells were subjected to gene set enrichment analysis (GSEA). 

The raw data were processed and analyzed by GenePattern using Transcriptome Analysis 

Console.

Computational analysis of human GBM TCGA data—For analysis of human GBM 

data, we downloaded the gene expression and survival data of TCGA data from GlioVis: 

http://gliovis.bioinfo.cnio.es/ (Bowman et al., 2017) or cBioPortal: http://

www.cbioportal.org (Cerami et al., 2012). The stromal and immune score of each patient 

was downloaded from ESTIMATE: http://bioinformatics.mdanderson.org/estimate/ 

(Yoshihara et al., 2013). We analyzed the correlation between patient stromal/immune score 

and survival. Based on availability of genetic backgrounds of each patient, we analyzed the 

potential role of each core signaling pathway and genetic event in modulation of stromal/

immune score in the TME and gene expression in tumor. The expression of interesting genes 

in GBM with different subtypes or grades was analyzed using GlioVis. We clustered TCGA 

GBM patients into macrophage-high, macrophage -low and macrophage-medium subgroups 

based a list of 38 human macrophage signature genes (Bindea et al., 2013). Differentially 

expressed genes between macrophage-high and macrophage-low were analyzed by GSEA. 

The survival of patients, and the expression of YAP1, LOX and ITGB1 was analyzed in 

these three subgroups.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with Student’s t-test and represented as mean ± SD. 

The analysis of GBM TCGA database and TAM IHC staining for the correlation among 

YAP1, LOX, β1 integrin and macrophage markers/signature, as well as the correlation 

between stromal/immune score and patient survival was performed using pearson’s 

correlation test (GraphPad Prism 7). The analysis of PTEN mutation/deletion in 

Macrophage-high and Macrophage-low groups of TCGA patients was performed using the 

chi-squared test. The analysis of the survival data from GBM TCGA database was 

performed using log-rank (MantelCox) test (GraphPad Prism 7). The p values were 

designated as: *, p<0.05; **, p<0.01 and ***, p<0.001; n.s. non-significant (p>0.05).

DATA AND SOFTWARE AVAILABILITY

RNAseq and microarray data have been submitted to the GEO repository; the accession 

numbers are GSE122283 and GSE122284, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

PTEN-deficiency in GBM drives macrophage infiltration via upregulation of LOX

LOX is directly regulated by YAP1 in PTEN-deficient GBM

LOX recruits macrophages into GBM via the β1 integrin-PYK2 pathway

LOX inhibition impairs PTEN-deficient GBM progression by decreasing TAM-derived 

SPP1

Chen et al. Page 21

Cancer Cell. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SIGNIFICANCE

The GBM tumor microenvironment (TME) contains a large number of infiltrated 

macrophages. Here, we show that PTEN deficiency in GBM is a powerful driver of 

macrophage infiltration via YAP1-regulated LOX expression. Secreted LOX recruits 

macrophages into the GBM TME via activation of the β1 integrin-PYK2 pathway. These 

infiltrating macrophages in turn sustain glioma cell survival and stimulate angiogenesis 

via secretion of SPP1. In PTEN-deficient GBM models, LOX inhibition markedly 

inhibits tumor progression and macrophage infiltration. Collectively, our work identifies 

key macrophage-cancer cell interdependencies and validates LOX inhibition as a 

promising therapeutic strategy specifically in PTEN-deficient GBM.
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Figure 1. PTEN deletion/mutation facilitates macrophage infiltration in GBM.
(A, B) The stroma score (A) and immune score (B) of PTEN wild-type (WT) and deleted/

mutated (Del/Mut) patients in TCGA GBM database (HG-UG133A, n=528; and 

Agilent4502A, n=489). The stroma and immune scores were determined based on 

expression data (Yoshihara et al., 2013).

(C) RNA microarray experiments and GSEA analysis in PTEN-WT and PTEN-KO SF763 

cells.
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(D) GSEA analysis for various types of immune cells in PTEN-WT and PTEN-deficient 

patients in TCGA GBM database (n=528).

(E) Quantification of relative migration of THP-1 macrophages following stimulation with 

conditioned media from PTEN-KO (#4 and #6) and PTEN-WT SF763 cells (#1 and #5). n=3 

biological replicates.

(F) Quantification of relative migration of THP-1 macrophages following stimulation with 

conditioned media from PTEN-WT (#3) and PTEN-KO (#5) LN229 cells. n=3 biological 

replicates.

(G) Quantification of relative macrophage infiltration (CD206 and CD68 positive cells) in 

tumors established from U87 cells with or without PTEN overexpression (OE). n=3 

biological replicates.

(H) Left panels, representative images showing the low, medium and high expression levels 

of phospho-AKT (P-AKT) and CD68 in human GBM TMA. Scale bar, 100 μm. Right panel, 

correlation analysis between phospho-AKT and CD68 expression in TMA (n=35). Pearson’s 

correlation test.

Data from multiple replicates are presented as mean. Error bars indicate mean ± SD. 

*p<0.05, ***p<0.001, Student’s t test. See also Figure S1; Tables S1 and S2.
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Figure 2. LOX is preferentially secreted by PTEN-deficient cancer and promotes macrophage 
migration.
(A) RT-qPCR validation of upregulated genes encoding secreted proteins in PTEN-KO 

SF763 cells based on the microarray data from PTEN-WT and PTEN-KO SF763 cells. The 

values were expressed as the fold change between PTEN-KO and WT SF763 cells. The top 

10 genes (with fold changes >8.5) were chosen for further validation.

(B) RT-qPCR validation of upregulated genes encoding secreted proteins in PTEN-KO 

SF763 cells based on the microarray data from PTEN-WT and PTEN-KO SF763 cells. 

Values are expressed as relative expression levels to housekeeping gene GAPDH.
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(C) Immunoblots for LOX, CXCL5, SEMA3E, FABP5 and SERPINE2 in the cell lysates 

and conditioned media of PTEN-KO and WT SF763 cells.

(D) Immunoblots and RT-qPCR for the expression of LOX protein (left panel) and mRNA 

(right panel) in control and PTEN-overexpressing (OE) U87 cells.

(E) Immunoblots for LOX and phospho-Akt (Ser473) in cell lysates of GSC17, TS603, 

GSC107, GSC7–10 and GSC23.

(F) Quantification of relative migration of THP-1 macrophages following stimulation with 

recombinant LOX, MCP-1, CXCL5, FABP5 and SERPINE2 proteins (10 ng/ml). n=3–4 

biological replicates.

(G) Left panel, representative immunofluorescence for F4/80 in growth factor-reduced 

Matrigel plugs supplemented with PBS or LOX (200 ng/ml) and subcutaneously injected 

into WT C57BL/6 mice. Scale bar, 100 μm. Right panel, quantification of F4/80+ 

macrophages in Matrigel plugs. n=3 biological replicates.

(H) Representative transwell analysis (left two panels) and quantification of relative 

migration (right panel) of THP-1 macrophages following stimulation with conditioned 

media from PTEN-KO SF763 cells pretreated with or without LOX inhibitor BAPN (200 

μM). Scale bar, 100 μm. n=3 biological replicates.

(I) Quantification of relative migration of THP-1 macrophages following stimulation with 

conditioned media from PTEN-KO SF763 cells expressing LOX shRNA (shLOX) or control 

shRNA (shC). n=4 biological replicates.

Data from multiple replicates are presented as mean. Error bars indicate SD. *p<0.05, 

**p<0.01, **p<0.001, n.s., no significant difference, Student’s t test. See also Figures S2; 

Tables S3 and S4.
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Figure 3. PTEN deficiency induced LOX production is regulated by SRC- and AKT-YAP1 
pathway.
(A) GSEA for SRC, AKT and YAP1 signatures in PTEN-KO comparing to WT SF763 cells. 

NES, normalized enrichment score; FDR, false discovery rate.

(B) Immunoblots of LOX, YAP1, NOTCH1, phospho-AKT, AKT, phospho-SRC and SRC, 

in SF763 cells, and PTEN-KO SF763 cells treated with or without SRC inhibitor (SRCi) 

KX2–391 (50 nM) or AKT inhibitor (AKTi) MK2206 (2 μM).
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(C) Immunoblots of LOX in SF763 cells and PTEN-KO SF763 cells treated with or without 

YAPTEAD interaction inhibitor (YAP1i) verteporfin (1 μM).

(D) Immunoblots of LOX in conditioned media from SF763 cells, and PTEN-KO SF763 

cells treated with or without SRCi KX2–391 (50 nM), AKTi MK2206 (2 μM), YAPi 

verteporfin (1 μM) or NOTCH1 inhibitor (NOTCH1i) LY3039478 (1 μM).

(E) Quantification of YAP1 and H3K27ac ChIP-PCR in the LOX promoter of SF763 (Ctrl) 

and PTEN-KO SF763 cells, as well as U87 (Ctrl) and U87 PTEN-overexpression (PTEN-

OE) cells. n=3 biological replicates.

(F) ChIP-seq analysis of H3K27ac-enriched profiles at LOX promotor in U87 and PTEN-

KO SF763 cells.

(G) Immunoblots of LOX and YAP1 in PTEN-KO SF763 cells and U343 cells expressing 

shC or shYAP1.

(H) Quantification of the relative migration of THP-1 macrophages following stimulation 

with conditioned media from U343 cells expressing shC or shYAP1. n=3–4 biological 

replicates.

(I) Quantification of relative migration of primary mouse bone-marrow-derived 

macrophages (BMDMs) following stimulation with conditioned media from PTEN-KO 

SF763 cells pretreated with verteporfin (1 μM). n=4 biological replicates.

Data from multiple replicates are presented as mean. Error bars indicate SD. *p<0.05, 

**p<0.01, Student’s t test. See also Figure S3.
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Figure 4. LOX promotes macrophage recruitment via β1 integrin-PYK2 pathway.
(A) Immunoblots of LOX in THP1 macrophages incubated with human recombinant LOX 

(100 ng/ml) for the indicated time. The cell surface binding of LOX was removed by 

washing with acid buffer.

(B) Flow cytometry for LOX in Raw264.7 macrophages treated with FITC- labelled LOX 

protein.

(C) Representative immunofluorescence for β1 integrin in Raw264.7 (green) and THP-1 

(red) macrophages. Scale bar, 20 μm.
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(D) Immunoprecipitation with a β1 integrin antibody (β1 Ab) and immunoblotting for the 

interaction between LOX and β1 integrin in Raw264.7 and THP-1 macrophages.

(E) Representative shRNA knockdown efficiency and immunoblots for LOX in shC and 

shItgb1 Raw264.7 macrophages treated with LOX protein.

(F) Immunoblots for phospho-PYK2 and PYK2 in Raw264.7 macrophages treated with 

LOX at the indicated concentrations and time points.

(G) Representative shRNA knockdown efficiency, as well as representative images and 

quantification of relative migration of Raw264.7 macrophages from a transwell analysis 

following stimulation with LOX in macrophages expressing shC or shPtk2b. Scale bar, 100 

μm. n=3 biological replicates.

(H) Quantification of relative migration index of Raw264.7 macrophages treated with LOX 

in the absence or presence of increasing doses of PYK2/FAK inhibitor PF-00562271 

(PF-271). n=3 biological replicates.

Data from multiple replicates are presented as mean. Error bars indicate SD. **p<0.01, 

***p<0.001, Student’s t test. See also Figure S4.
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Figure 5. Inhibition of LOX in cancer cells reduces TAM recruitment and inhibits GBM growth 
in vivo.
(A) IHC for YAP1, LOX, β1 integrin, Mac-2 and CD68 in GBM established from P53DN-

AKT-hNSCs (high AKT) and GSC TS543 (low AKT) in SCID mice. Scale bar, 100 μm.

(B) Representative in vivo bioluminescence-based images of SCID mice at day 28 post-

orthotopic injection of U87 (4×105 cells) transduced with shC or shLOX.
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(C) Representative in vivo bioluminescence-based images of SCID mice at day 28 post-

orthotopic injection of U87 cells (4×105 cells). The mice were treated with LOX inhibitor 

BAPN (2 g/L in drinking water) starting at 4 days post-orthotopic injection of U87 cells.

(D) Quantification of tumor volume based on bioluminescence (n=5/group).

(E, F) Immunofluorescence (left panel) and quantification (right panel) of macrophage 

marker CD68 in U87 tumors expressing shC or shLOX (E) or treated with LOX inhibitor 

BAPN (F). Tumors were harvested at day 28 post-orthotopic injection of cells. Scale bar, 50 

μm. n=3 biological replicates.

(G) Survival curves of SCID mice implanted with U87 cells (4×105 cells) expressing shC or 

shLOX (n=10–12/group).

(H) Survival curves of SCID mice implanted with U87 cells (4×105 cells). Mice were treated 

with or without LOX inhibitor BAPN (2 g/L in drinking water) starting at 4 days post-

orthotopic injection of U87 cells (n=10/group).

(I, J) Survival curves of SCID mice implanted with P53DN-AKT-hNSCs (2×105 cells) (I) or 

C57BL/6 mice implanted with QPP7 GSCs (2×104 cells) (J). Mice were treated with or 

without LOX inhibitor BAPN (2 g/L in drinking water) starting at 4 days post-orthotopic 

injection of P53DN-AKT-hNSCs or QPP7 GSCs (n=5–8/group).

Data from multiple replicates are presented as mean. Error bars indicate SD, *p<0.05, 

**p<0.01, ***p<0.001, Student’s t test. In (G) to (J), **p<0.01, ***<0.001, log-rank test. 

See also Figure S5.
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Figure 6. LOX inhibition promotes glioma cell apoptosis and inhibits angiogenesis by impairing 
TAM-derived SPP1.
(A) Immunofluorescence and IHC analysis (left and middle panels) and quantification (right 

panel) of cleaved caspase-3 (CC3) and CD31 in 005 GSC mouse tumors treated with LOX 

antibodies and in U87 tumors treated with LOX inhibitor BAPN. Scale bars, 50 μm. n=3 

biological replicates.
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(B) RT-qPCR validation of 8 upregulated genes encoding secreted proteins in primary mouse 

BMDMs treated with or without IL4 (10 ng/ml) for 16 hr. Values are provided as relative 

expression levels to housekeeping gene Actb.
(C) Heat map representation of 8 upregulated genes in GBM patient blood monocytes, GBM 

TAMs and healthy blood monocytes. Red signal denotes higher expression and blue signal 

indicates lower expression.

(D) Immunofluorescence for CD206 (red) and SPP1 (green) in mouse 005 GSC tumors (left 

panel) and human GBM tumors (right panel). Scale bar, 50 μm.

(E) Immunofluorescence (left panels) and quantification (right panel) of SPP1 in 005 GSC 

mouse tumors treated with LOX antibodies and in U87 tumors treated with LOX inhibitor 

BAPN. Scale bars, 50 μm. n=3 biological replicates.

(F) The correlation of LOX and SPP1 in TCGA GBM patients. r and p values are shown. 

p<0.001, Pearson’s correlation test.

(G) Immunoblots for CC3 in QPP7 GSCs treated with LPS (10 μg/ml) in the presence or 

absence of SPP1 (300 ng/ml) for 14 hr.

(H) RT-qPCR to assess Spp1 shRNA knockdown efficiency in Raw264.7 macrophages. n=3 

biological replicates.

(I) Survival curves of C57BL/6 mice implanted with GL261 cells (1×104 cells) and IL4-

polarized Raw264.7 cells (1×104 cells) expressing shC or shSpp1 (n=5/group). *p<0.05, log-

rank test.

(J) Immunofluorescence (left panels) and quantification (right panel) of CC3 and CD31 in 

tumors from mice implanted with GL261 cells and IL4-polarized Raw264.7 cells expressing 

shC or shSpp1. Scale bars, 50 μm. n=3 biological replicates.

Data from multiple replicates are presented as mean. Error bars indicate SD. **p<0.01, 

***p<0.001, Student’s t test unless otherwise indicated. See also Figure S6.
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Figure 7. PTEN-YAP1-LOX-β1 integrin axis is activated and tracks with macrophage signature 
in human GBM.
(A) Distribution of PTEN mutated/deleted patients in Macrophage-high, -medium and -low 

groups of TCGA GBM patients.

(B) Percentage of PTEN mutated/deleted patients in Macrophage-high, -medium and -low 

groups of TCGA GBM patients. Chi-squared test.

(C) Analysis of correlation between macrophage levels and overall survival of IDH1-WT 

TCGA GBM patient. p<0.001, log-rank test.
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(D) GSEA for two YAP1 signatures in Macrophage-high versus -low TCGA GBM samples.

(E-G) The expression of YAP1 (E), LOX (F), and ITGB1 (G) in Macrophage-high (n=201), 

medium (n=153) and -low (n=135) groups of TCGA GBM patients. Data are presented as 

mean ± SD, Student’s t test.

(H) IHC staining for YAP1, LOX, β1 integrin and Mac-2 in human GBM tissue microarray. 

Scale bar, 100 μm. The correlations among these four proteins was determined by Spearman 

correlation analysis (r and p values are shown). Pearson’s correlation test.

(I) The correlation analysis among YAP1, LOX, ITGB1 and average macrophage signature 

in TCGA GBM patients. r and p values are shown. Pearson’s correlation test.

See also Figure S7.
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Figure 8. Working model.
Schematic representation of the role of the SRC/AKT-YAP1 pathway in PTEN 
deficiencyinduced LOX expression, and the role of β1 integrin-PYK2 pathway in LOX-

induced macrophage migration. The infiltrated TAMs promote glioma cell survival and 

angiogenesis via secretion of SPP1. Inhibition of LOX is a promising therapeutic strategy 

for GBM.
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