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A B S T R A C T   

Persistent HGF/Met signaling drives tumor growth and dissemination. Proteoglycans within the 
tumor microenvironment might control HGF availability and signaling by affecting its accessi-
bility to Met (HGF receptor), likely defining whether acute or sustained HGF/Met signaling cues 
take place. Given that betaglycan (BG, also known as type III TGFβ receptor or TGFBR3), a multi- 
faceted proteoglycan TGFβ co-receptor, can be found within the tumor microenvironment, we 
addressed its hypothetical role in oncogenic HGF signaling. We found that HGF/Met promotes 
lung cancer and endothelial cells migration via PI3K and mTOR. This effect was enhanced by 
recombinant soluble betaglycan (solBG) via a mechanism attributable to its glycosaminoglycan 
chains, as a mutant without them did not modulate HGF effects. Moreover, soluble betaglycan 
extended the effect of HGF-induced phosphorylation of Met, Akt, and Erk, and membrane 
recruitment of the RhoGEF P-Rex1. Data-mining analysis of lung cancer patient datasets revealed 
a significant correlation between high MET receptor, HGF, and PREX1 expression and reduced 
patient survival. Soluble betaglycan showed biochemical interaction with HGF and, together, 
they increased tumor growth in immunocompetent mice. In conclusion, the oncogenic properties 
of the HGF/Met pathway are enhanced and sustained by GAG-containing soluble betaglycan.   

1. Introduction 

Aberrant signaling by growth factor receptors plays a major role in cancer progression. Besides the oncogenic effects of mutant and 
overexpressed receptors, the availability of growth factors within the tumor microenvironment influences non-cell autonomous 
oncogenic signaling and represent therapeutic opportunities, as conceptually proven by clinically useful therapies against growth 
factors [1,2]. The tumor microenvironment contains a variable mixture of growth factors, chemotactic agonists, cytokines, and pro-
teins shedded from membrane-bound precursors, among others, resulting from the combined secretome of cancer and stromal cells, 
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implying that tumor growth and dissemination are under the constant influence of the integrated action of multiple agonists and 
extracellular glycoproteins and proteoglycans that affect growth factor availability [3–7]. Tumor-derived factors activate receptor 
tyrosine kinases (such as receptors for HGF, VEGF, and EGF, among others), serine-threonine kinases (as TGFβ receptors), and re-
ceptors coupled to heterotrimeric G proteins (including CXCR4 and CCR2, among many others) [7,8]. Their combined actions promote 
tumor growth and dissemination, with the support of stromal cells. Relevant signaling pathways leading to cell shape adjustments 
during tumor growth and dissemination are triggered by Rho GTPases [7], molecular switches directly turned on by RhoGEFs, which 
are multidomain effectors that integrate chemotactic signaling cues [9,10]. Growth factors and chemokines such as HGF [11], 
heregulin [12], and SDF-1/CXCL12 [13,14], activate Rho GTPases and chemotactic RhoGEFs as P-Rex1, a Rac guanine nucleotide 
exchange factor, whose overexpression enhances the metastatic potential of melanoma [15], breast [16,17], and prostate cancers [14]. 

The type III TGFβ receptor (TGFBR3), also known as betaglycan (BG), is a proteoglycan that exerts paradoxical roles in cancer, 
mainly preventing, but in some cases promoting, tumor growth and metastasis [18]. The outcome seems to be determined by its 
existence as a membrane-tethered co-receptor and as a shedded soluble form. In the first case, it potentiates TGFβ signaling by the type 
1 and 2 receptors (TβRI and TβRII); while in the second, the soluble BG (solBG) form has an opposite TGFβ antagonist effect [19]. This 
duality has been invoked to explain how BG could act to enhance or prevent both the tumor-suppressive and oncogenic actions of TGFβ 
[18]. BG core protein directly binds diverse members of the TGFβ family, presenting them to their cognate serine/threonine kinase 
receptors [20,21]. However, the soluble BG, i.e. the shedded BG ectodomain, retains its TGFβ binding properties, but instead of 
presenting, it sequesters the factor [19]. This TGFβ antagonizing capacity (ligand-trap) of solBG has been proved of therapeutical value 
in many TGFβ-caused animal models of disease, including cancer [22–24]. The recombinant soluble BG used in those studies was 
devoid of the glycosaminoglycans (GAGs) of the endogenous TGFBR3 [25]. These GAG chains, heparan and chondroitin sulfate of 
diverse sizes, confer BG functional properties beyond the binding specificity of its core protein [26]. Glycosaminoglycans are complex 
anionic carbohydrates, postranslationally attached to specific serines in proteoglycans, endowing them with heterogeneous molecular 
weight, among other properties. GAGs bind growth factors and chemokines serving as co-receptors that enhance their cellular actions, 
presumably by improving their binding to their signaling receptors [27]. The case of bFGF is paradigmatic for such interactions and has 
been extensively studied [28]. HGF is another case, soluble heparin and other glycosaminoglycans are known to bind HGF, enhancing 
Met signaling [29,30]. 

In this work, we hypothesized that soluble BG regulates HGF signaling and pro-oncogenic effects in a GAG-dependent manner. 
Therefore, we employed a GAG-containing form of soluble BG, to demonstrate that the chemotactic and growth promoting actions of 
HGF are enhanced by solBG’s GAG chains. 

2. Material and methods 

2.1. Cell lines 

Lung cancer cells (LAP0297) and porcine endothelial cells (PAE) were maintained in DMEM (Merck, D7777) supplemented with 10 
% FBS (BY PRODUCTOS, 90020500) and 1 % antibiotic-antimycotic (Gibco, 15240-062) at 5 % CO2 and 37 ◦C. LAP0297 cells were 
kindly donated by Dr. Peigen Huang from the Department of Radiation Oncology, Massachusetts General Hospital, Harvard Medical 
School, Boston, MA [31]. Recombinant rat soluble betaglycans were prepared by transient transfection of HEK cells as described [32]. 
The cDNAs used to produce GAG-containing (solBG-WT) or GAG-absent (solBG-AA) forms of solBG were described as LS (Δ783-853) 
and LS gag− (Δ783-853), respectively [19]. 

2.2. Agonists and inhibitors 

Cells were stimulated, as indicated in figure legends, with different agonists, as hepatocyte growth factor (HGF, 10 ng/mL, R&D 
Systems, 294-HGN), lysophosphatidic acid (LPA, 5 μM, Biomol, LP-100), SDF-1α/CXCL12 (50 ng/mL, PeproTech, 300-28A), 
interleukin-8 (IL-8, 3 nM, Sigma-Aldrich I1645), PGE2 (1 μM, Sigma, P5640), epidermal growth factor (EGF, 10 ng/mL, Gibco, 
13,247–051), vascular endothelial growth factor (VEGF165, 100 ng/mL, Calbiochem, PF074), basic fibroblast growth factor (bFGF, 
25 ng/mL, R&D Systems, 234-FSE/CF), platelet-derived growth factor (PDGF, 100 ng/mL, Sigma-Aldrich, P3326), sphingosine 1-phos-
phate (S1P, 1 μM, Sigma-Aldrich, S9666), and insulin (100 nM, Sigma, I-5500). For affinity labeling, carrier-free HGF (R&D Systems, 
294-HGN025/CF) and TGFβ2 (Ciba-Geigy AG (Basel, Switzerland), were iodinated as described in Cheifetz et al. [33]. Cellular 
signaling inhibitors were PF-04217903 (Met receptor inhibitor (Met-i), Sigma-Aldrich, catalog SML0263), rapamycin (mTOR inhib-
itor, Sigma-Aldrich, 553210), wortmannin (PI3K inhibitor, 300 nM, Calbiochem, 681675). 

2.3. Western blot 

Cell lysates, protein pulldowns, and immunoprecipitated proteins were resolved by SDS-PAGE gels at 20–30 mAmps and trans-
ferred to Immobilon-P membranes (Millipore, catalog no. IPV00010) at 320 mAmps for 4 h. Antibodies were from the following 
sources: Sigma (Flag M2, F3165; FLAG, poly-Histidine, H-1029; P-Rex1, HPA001927; AKT1, P2482); Santa Cruz Biotechnology (GST, 
sc-138; GFP, sc-9996; ERK2, sc-154; phospho-AKT1/2/3 Ser473, sc-7985-R); Transduction Laboratories (Rac1, 610651), Cell 
Signaling (P-Rex1, 13168S; phospho-ERK1/2 T202/Y204, 9101; Met, cat 3127; anti-phospho-Met (Y1234/1235), cat. 3126. anti-BG 
rabbit polyclonal [21], and KPL (anti-mouse, 074–1802; anti-rabbit, 074–1516). 
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2.4. Cell migration assays 

Cancer and endothelial cells were seeded on 0.02 % gelatin in 12 well plates. Confluent monolayers were incubated in serum-free 
DMEM, 24 h for cancer cells and 12 h for endothelial cells. Mitomycin C (12 μM, Sigma-Aldrich, catalog M0440) was added 2 h before 
cell monolayers were wounded in the middle with a pipette tip. Cells were washed with PBS, and stimulated with HGF, soluble BG, or 
both together in serum-free DMEM. Inhibitors for the Met receptor (Met-i), PI3K (wortmannin, 300 nM), or mTOR (rapamycin, 10 ng/ 
mL) were preincubated 2 h before wounding and during cell migration. After 18 h, cells were fixed with methanol, stained with crystal 
violet, washed with PBS, and photographed. 

2.5. Mice and tumor model 

FVB male mice (6–8 weeks of age) were inoculated with 106 LAP0297 cells suspended in 100 μL Matrigel (4.5 mg/mL, BD 
Bioscience, diluted in DMEM), as previously described [34,35]. As indicated in the respective figure legend, in some cases, cell sus-
pensions in matrigel were supplemented with HGF (10 ng/100 μL), solBG (1 μg/100 μL), or both, and kept at room temperature for 1 h 
before being injected subcutaneously in the dorsal region of mice. We used the cell suspension in matrigel to minimize the treatments 
diffusion away from the cells once they were implanted into the mouse. Tumors were measured with a caliper and their volume was 
calculated with the equation: width × length2 × π/6. All procedures were approved by UPEAL-Cinvestav Ethical Committee (protocols 
33–13 and 0205–16). 

2.6. Affinity labeling and dot-blot-overlay 

Recombinant His6-tagged, solBGs (WT or AA) was incubated with 125I-HGF or 125I-TGFβ2 in PBS/Triton (0.05 %) for 3 h on a 
rocking platform. Protein complexes were incubated with Talon beads 30 μL/1 h, followed by three washes, before crosslinking with 
disuccinimidyl suberate (DSS, 60 μg/mL final concentration), for 15 min. The crosslinking was stopped with 10 mM Tris-HCl pH 7.4, 
containing 1 mM EDTA. Beads were washed and bound radioactivity was counted in a Cobra II auto-gamma (Packard). Then, the 
immunoprecipitated complexes were separated in SDS-PAGE and revealed by phosphor screening. For dot-blots, WT- and AA-solBGs 
were immobilized on PVDF membranes using a dot-blot chamber for 15 min, albumin was used as control. Vacuum was applied to 
aspirate the solBG preparations and each well was washed three times with PBS, blocked with 5 % milk in TBS-T for 1 h, followed by 
three washes with TBS-T. The labeled factors, 125I-HGF (40,000 cpms) or 125I-TGFβ2 (20,000 cpms) were incubated for 6 h at 4 ◦C on a 
rocking platform, then washed six times with TBS-T. Membranes were exposed on appropriate Phosphor screens (Exposure Cassette, 
Molecular Dynamics) for 2 days and revealed in a Typhoon FLA 7000 counter (General Electric). 

2.7. Pulldowns of active P-Rex1 and Rac GTPase 

Active P-Rex1 and Rac were isolated with recombinant GST-Rac G15A and GST-PAK-CRIB respectively, as previously described 
[11,34]. 

2.8. Membrane fractionation 

Cytoplasmic and membrane fractionation was done essentially as previously described [35]. In brief, cells were scraped with cold 
PBS containing protease and phosphatase inhibitors, and subsequently subjected to three cycles of freezing (liquid nitrogen) and 
thawing (37 ◦C) to break the cells. A fraction was separated as total cell lysate. Afterwards, lysates were centrifuged at 1000–1400 rpm, 
for 10 min, the supernatant was transferred to new tubes to discard cell debris and again centrifuged at 13,000 rpm, for 10 min. The 
pellet, containing membranes, was solubilized with buffer containing Triton X-100. Total cell lysates, the second supernatant con-
taining mainly cytosolic components, and the membrane fraction were analyzed by western blot. 

2.9. Immunoprecipitation 

Cell lysates were incubated with anti-Met antibodies at 4 ◦C, overnight, on a rocking platform. Immunocomplexes were isolated 
with G protein-sepharose (30 μL, 3 h), washed three times with lysis buffer and revealed by western blot using phospho-Met (Y1234/ 
1235) and Met antibodies. 

2.10. Statistical analysis 

Cell migration assays and western blot densitometries were analyzed with the ImageJ software. Each figure presents representative 
results of at least three independent experiments. Data were statistically analyzed with Sigma Plot 11 using, as indicated in figure 
legends, t-test, or one-way ANOVA, followed by Dunnet or Tukey test. Tumor growth was analyzed by two-way ANOVA of repeated 
measurements, followed by Tukey test. Results were plotted in the GraphPad Prism 5 software. A statistically significant difference was 
considered for values of p < 0.05. 
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3. Results 

3.1. HGF stimulates lung cancer cell migration via Met/PI3K/mTOR pathway 

To address the hypothetical role of solBG on HGF signaling in lung cancer and endothelial cells we first characterized whether this 
growth factor promotes cell migration through a PI3K-dependent pathway (Fig. 1A). We initially analyzed the response of LAP0297 
lung cancer cells to diverse stimuli, known to be relevant within the tumor microenvironment, assessed by the activation of Akt and Erk 
(Fig. 1B) and cell migration (Fig. 1C). These agonists act on GPCRs (SDF-1, S1P, LPA, IL-8, and PGE2) and receptor tyrosine kinases 
(VEGF, HGF, EGF, FGF, and PDGF). As shown in Fig. 1B, at 5 min, LPA and EGF were the most effective activators of Erk and Akt, while 
in migration experiments, HGF was the most potent agonist (Fig. 1C), followed by LPA, confirming that signaling by receptor tyrosine 
kinases and G protein-coupled receptors drive LAP0297 lung cancer cell migration [36]. In the case of LPA, we recently demonstrated 
the critical role of RhoGEF17 [37]. Although the effect of HGF on Erk was discreet at 5 min, further experiments showed that this effect 
was more persistent in the presence of solBG (as shown in Fig. 5D). As expected, HGF-induced cell migration was driven by Met 

Fig. 1. HGF stimulates lung cancer cell migration via Met/PI3K/mTOR pathway. A) Putative signaling pathway activated by HGF/Met to 
promote lung cancer cell migration via PI3K/mTOR. B) Activation Akt and Erk in LAP0297 lung cancer cells stimulated for 5 min with different 
agonists (at the concentrations indicated in methods), acting on G protein-coupled receptors and tyrosine kinase receptors, known to be relevant 
within the tumor microenvironment. Total cell lysates were analyzed by western blot using antibodies against the phosphorylated active kinases 
(upper two panels) and antibodies detecting them irrespective of their phosphorylation status (lower two panels). The result is representative of 3 
independent experiments. C) Agonist-driven LAP0297 lung cancer cell migration. Serum-starved confluent monolayers of LAP0297 cells, grown in 
twelve well plates, were wounded with a pipet tip and stimulated with the indicated agonists to migrate for 18 h towards the wounded area. Cell 
migration was quantitated by comparing the area covered by migrating cells, with respect to non-stimulated cells (Basal). Cells stimulated with fetal 
bovine serum (FBS) were used as positive control. Data represent the mean ± SEM of 3 independent experiments. *p < 0.05 (vs Basal), t-test. D) 
LAP0297 lung cancer cell migration stimulated with HGF (10 ng/mL), Insulin (10 nM) or FBS (10 %) was analyzed in the absence or presence of 1 
μM PF-04217903 (Met receptor inhibitor, Met-i). E) Data represents the mean ± SEM of 4 independent experiments. **p < 0.0014, t-test. F) Effect of 
wortmannin (300 nM, Wort) and rapamycin (10 ng/mL, Rapa) on HGF-dependent migration of LAP0297 lung cancer cells. Inhibitors were pre-
incubated 2h before and during the migration assays. G) Data represent the mean ± SEM of 3 independent experiments. *p < 0.05, **p < 0.01, ***p 
< 0.001, one-way ANOVA followed of Tukey. H) Kaplan-Meier plot showing the statistical correlation between MET expression and overall survival 
of lung cancer patients of the LUAD TCGA datasets analyzed at the https://www.proteinatlas.org/platform. Note bene: an uncropped version of the 
original Fig. 1B is shown in Supplementary Fig. 5S. 
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receptors, sensitive to PF-04217903, a specific inhibitor Met tyrosine kinase (Met-i, Fig. 1D and E). Furthermore, Met-i did not affect 
cell migration induced by insulin or fetal bovine serum (Fig. 1D and E). Lung cancer cell migration induced by HGF was decreased by 
inhibition of PI3K and mTOR (wortmannin 300 nM and rapamycin 100 ng/mL, respectively). Akt phosphorylation at Ser 473 (Figs. 1B 
and 5C) was indicative of the activation of mTORC2 [38], which is known as the complex linked to cell migration via the activation of 
the RacGEF P-Rex1 [39], whose activation is shown in Fig. 4. Altogether, these results indicate that HGF promotes LAP0297 lung 
cancer cell migration via the Met/PI3K/mTOR pathway. 

Fig. 2. Soluble Betaglycan enhances HGF-induced migration of lung cancer and endothelial cells and tumor growth in immunocompetent 
mice. A) Hypothetical role of soluble Betaglycan (solBG) as a promoter of lung cancer and endothelial cell migration stimulated by HGF. B-E) Effect 
of solBG on cell migration of LAP0297 lung cancer cells (B and C) and PAE endothelial cells (D and E). Results are representative of 3–4 independent 
experiments. Data represent the mean ± SEM of 3 (C) and 4 (E) independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001. F) Effect of 
wortmannin (Wort) and rapamycin (Rapa) on PAE endothelial cell migration. The result is representative of 3 independent experiments. G) Data 
represent the mean ± SEM of 3 experiments, **p < 0.01, t-test. H) Effect of HGF and solBG on lung cancer tumor growth in immunocompetent mice. 
FVB mice were inoculated with 106 LAP0297 cells suspended in Matrigel with [10 ng/100 μL] HGF, [1 μg/100 μL] solBG, or both. Tumor volume 
was monitored for two weeks. Graph represents tumor size from 7 to 8 mice by group, *p < 0.05 (HGF + solBG vs solBG), **p < 0.01 (HGF + solBG 
vs HGF), ***p < 0.001 (HGF + solBG vs Control), #p < 0.05 (solBG vs Control), two-way repeated measures ANOVA followed of Holm Sidak test. I) 
The weight of excised tumors (shown in J) was determined on day 15th. Graph represents data of tumor from 7 to 8 mice by group, **p = 0.005, 
t-test. 
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3.2. High expression of components of the HGF/Met/P-Rex1/Rac pathway correlate with shorter survival of lung cancer patients 

Elevated expression and genetic alterations of diverse signaling pathways, including growth factor receptor tyrosine kinases, TGFβ 
signaling, PI3K, and small GTPases and their regulators have been linked to cancer progression and shorter patient survival [9,40,41]. 
To address whether Met expression correlates with shorter survival of lung cancer patients, we analyzed the TCGA datasets in The 
Human Protein Atlas (https://www.proteinatlas.org/) and cBioportal (https://www.cbioportal.org/) platforms. Consistent with a 
negative clinical impact, high expression of MET in patients with non-small cell lung cancer, NSCLC (Fig. 1H), particularly in lung 
adenocarcinoma (LUAD, Fig. S1E), but not in patients with lung squamous cell carcinoma (LUSC, Fig. S1F), significantly correlated 
with shorter survival of lung cancer patients. In addition, the high expression of HGF, PREX1, correlated with poor prognostic in LUSC 
(Fig. S1A-C and Fig. S1G-I), meanwhile RAC1 in LUAD (Fig. S1J-L). In addition, according to GTEx databases http://gepia.cancer-pku. 
cn/), Met receptors were significantly more expressed in tumors compared to normal tissues of lung adenocarcinoma (LUAD) and lung 
squamous cell carcinoma (LUSC) patients (Fig. S2A). Furthermore, genome-wide loss-of-function screening datasets, analyzed at the 
DEPMAP platform (https://depmap.org/portal/depmap/), revealed the Met was essential in various lung cancer cell lines (Fig. S2B). 
The cell lines shown below − 0.5 statistic value show high sensitivity to the CRISPR of the MET gene, evidencing the essentiality of this 
receptor in lung cancer lines. These analyses suggest that HGF/Met/P-Rex1/Rac signaling pathway plays a significant role in lung 
cancer progression, which might be exacerbated by extracellular factors controlling HGF availability and effect on Met receptors. 

3.3. Soluble BG enhances HGF-induced migration of lung cancer and endothelial cells 

We hypothesized that solBG might enhance HGF signaling, as it contains glycosaminoglycans known to facilitate HGF signaling via 
Met [30,42–45]. Therefore, we investigated whether solBG affected HGF-driven cancer and endothelial cell migration (Fig. 2A). Using 
LAP0297 lung cancer cells and PAE endothelial cells, we evaluated the migratory effect of HGF, alone or in combination with a 
GAG-containing recombinant solBG. Importantly, for this work, solBG was produced in HEK293 cells, therefore, it is endowed with 
GAG chains, differing in this regard from the baculoviral solBG that has been extensively used before [25]. We found that solBG by 
itself induces cell migration but significantly increased the effect produced by HGF in both cell types, lung cancer cells (Fig. 2B and C), 
and endothelial cells (Fig. 2D and E). In contrast, solBG did not affect cell migration induced by LPA or FGF (Fig. S3), suggesting a 
specific action on HGF signaling. This is consistent with the results of preliminary experiments in endothelial cells showing that solBG 
potentiates the effect of HGF on ERK and AKT activation, but not the effect of other agonists (not shown). As in the case of lung cancer 
cells (Fig. 1F), HGF-driven endothelial cell migration required PI3K and mTOR signaling, as indicated by the inhibitory effect of 
wortmannin and rapamycin (Fig. 2F and G). 

3.4. BG co-inoculated with HGF enhances tumor growth 

Given the positive effect of solBG on the cellular effects of HGF, we hypothesized that a tumor microenvironment containing solBG 
combined with HGF would increase tumor growth. To address this possibility, syngenic LAP0297 lung cancer cells were suspended in 
Matrigel with with solBG and HGF, then inoculated in FVB immunocompetent mice, and their combined effect was compared with the 
effect of only solBG, HGF or vehicle. Tumor growth was monitored for two weeks. Consistent with a protumoral effect of the combined 
action of solBG and HGF, bigger tumors grew under the combined effect of solBG and HGF, showing a statistically significant increase 
from day 7–15 (Fig. 2H). At the end of the experiment, tumors grown with solBG plus HGF reached more weight than all other 
conditions (Fig. 2I). The macroscopic appearance of excised tumors is shown in Fig. 2J. 

Fig. 3. Betaglycan GAGs enhance HGF-driven lung cancer cell migration via Met. A) Structural organization of soluble BG showing the hy-
pothetical interaction of HGF with the GAG chains, absent in the solBG-AA mutant. The interaction with TGFβ2 is known to occur with the core 
protein [19]. B) Electrophoretic analysis of wild type and GAGs-deficient solBG. Soluble BG was isolated from the culture media of HEK293 cells 
engineered to secrete fully posttranslationally modified solBG (solBG WT) or GAGs-deficient mutant solBG (solBG AA). C) Pulldown analysis of the 
interaction between soluble BG and TGFβ2. Recombinant wild-type and GAGs-deficient solBG (WT and AA) were incubated with 125I-labeled TGFβ2, 
crosslinked, subjected to pulldown analysis followed by SDS_PAGE and autoradiography. D-E) Dot blot analysis of immobilized solBG incubated 
with 125I-labeled TGFβ2 (D) or 125I-labeled HGF (E). Recombinant wild type or GAGs-deficient solBG (WT and AA) in their native form or denatured 
(Boiled) were immobilized by dot blotting on PVDF membranes, blocked with 5 % milk/TBS-T and incubated with 125I-labeled TGFβ2 (D) or HGF 
(E). Bovine serum albumin (BSA) was used as negative control. Graphs represent mean ± SEM of 6 independent experiments *p < 0.05, **p < 0.01, 
***p < 0.001, t-test. F) Effect of GAGs-deficient solBG on lung cancer cell migration stimulated by HGF. LAP0297 lung cancer cells were subjected to 
migration analysis in the presence of HGF, solBG, or GAGs-deficient solBG (solBG-AA), as indicated in the Figure. Area covered by migrating cells, 
compared to basal migration, was analyzed after 18 h. At the end of the experiment, cells were fixed and stained with crystal violet. Results are 
representative of 3 independent experiments. G) Quantitative analysis of LAP0297 cell migration stimulated with HGF, solBG or GAGs-deficient 
solBG (solBG-AA), alone or combined, as indicated. Graph represents mean ± SEM of 3 independent experiments, **p < 0.01, ***p < 0.001, 
t-test. H) Inhibition of Met prevents the migratory effect of HGF alone or combined with solBG. LAP0297 cells were preincubated with 1 μM, 
PF-04217903 (Met receptor inhibitor, Met-i) for 2 h and during the migration period (18 h). Cell migration was stimulated with HGF in the presence 
or not of solBG or GAGs-deficient solBG as indicated in the figure. Area covered by migrating cells was compared to the basal migration shown in the 
first picture. The result is representative of 3 experiments. I) Quantitative analysis of LAP0297 cell migration promoted by HGF and solBG (wild type 
and GAGs-deficient AA mutant), addressing with PF-04217903 (Met receptor inhibitor, Met-i) the participation of Met tyrosine kinase. Graph 
represents mean ± SEM of 3 independent experiments, **p < 0.01, ***p < 0.001, t-test. Note bene: uncropped versions of the original Fig. 3B,C,D,E, 
are shown in Supplementary Fig. 5S. 
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3.5. solBG’s GAGs enhance HGF-driven lung cancer cell migration via Met 

The mechanism by which solBG enhanced HGF-dependent cell migration and their combined action in tumor growth was hypo-
thetically mediated by a biochemical interaction between solBG and HGF, likely involving the participation of the solBG’s GAG chains. 
In contrast, the well characterized role of BG as a TGFβ coreceptor [19] is directly attributable to the solBG core protein (Fig. 3A). To 

Fig. 4. Betaglycan enhances HGF-dependent recruitment of P-Rex1 to the membrane fraction and Rac activation. A) Putative mechanism by 
which soluble BG enhances the effect of HGF on lung cancer cell migration via sustained recruitment and activation of P-Rex1, a Rac guanine 
nucleotide exchange factor. B) Time course of P-Rex1 activation in LAP0297 lung cancer cells responding to HGF. Serum-starved cells were 
stimulated with 10 ng/ml HGF and active P-Rex1 was isolated by pulldown with recombinant GST-Rac G15A and detected by western blot in 
pulldowns and, to verify expression, in total cell lysates (TCL). Expression and activation of Erk in TCL served as internal control. The result is 
representative of 3 independent experiments. C) Recruitment of P-Rex1 to the membrane fraction of HGF-stimulated LAP0297 lung cancer cells. 
Cells were stimulated for the indicated times. Membrane and cytosolic enriched fractions were prepared by centrifugation as described in methods. 
Gβ, Akt, and pERK were detected by western blot and served as controls. The result is representative of 3 experiments. D) Effect of soluble BG on 
HGF-induced P-Rex1 recruitment to the membrane fraction. The amount of P-Rex1 recruited to the membrane fraction of cells stimulated with HGF 
in the presence or absence of soluble BG was determined by western blot and normalized to the levels of P-Rex1 in the membrane fraction of non- 
stimulated cells (− ). Gβ and AKT1, detected by western blot in membrane and cytosolic fractions, served as controls. Graph represents mean ± SEM 
of 3 independent experiments, *p < 0.05, t-test. E) Effect of solBG on Rac activation by HGF in LAP0297 lung cancer cells. Serum-starved cells were 
stimulated with HGF, solBG, or both, as indicated, for 15 min. Active Rac was isolated by pulldown with recombinant GST-CRIB (the effector 
domain of Rac at the N-terminal region of PAK). Active and total Rac was detected by western blot. Graph represents mean ± SEM of 3 independent 
experiments, *p < 0.05, t-test. Note bene: uncropped versions of the original Fig. 4B,C,D,E, are shown in Supplementary Fig. 5S. 
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investigate whether there is a biochemical interaction between solBG and HGF, and the potential role played by solBG’s GAGs 
(Fig. 3A), we prepared a GAG-deficient solBG (hereby named solBG-AA to distinguish it from the solBG-WT). This solBG-AA was 
obtained from HEK293 cells transfected with a solBG cDNA with two Ser→Ala point mutations in the ZP-N region known to be the 

Fig. 5. Betaglycan enhances HGF-dependent Met signaling intensity and duration. A) Effect of soluble BG on HGF-dependent phosphorylation 
of Met. Serum-starved confluent LAP0297 lung cancer cells were stimulated with HGF in the presence or absence of soluble BG and the activation of 
Met was detected by its phosphorylation at Y1234/Y1235 in immunoprecipitated Met, analyzed by western blot. Antibodies detecting Met, irre-
spective of its phosphorylation, were used to confirm the immunoprecipitation efficiency. The result is representative of 3 independent experiments. 
B) Soluble BG enhances the tyrosine kinase activity of Met stimulated by HGF. The effect of soluble BG as an enhancer of HGF-dependent activation 
of Met was addressed in LAP0297 cells preincubated with PF-04217903, a specific inhibitor of Met tyrosine kinase (Met-i). Met phosphorylation and 
the levels of total Met were detected by western blot in total cell lysates. Graph represents mean ± SEM of 3 independent experiments, *p < 0.05, 
**p < 0.01, t-test. C-D) Soluble BG enhances the intensity and duration of HGF signaling to Akt (C) and Erk (D). Serum-starved LAP0297 lung cancer 
cells were stimulated with HGF with or without soluble BG for the times indicated in (D). Activation and expression of Akt and Erk were detected by 
western blot in total cell lysates using antibodies against the phosphorylated and total proteins, respectively. Graphs represent mean ± SEM of 3 
independent experiments, *p < 0.05 (HGF vs HGF + solBG, at the indicated time point), one-way ANOVA followed of Tukey test. E) Schematic 
representation of the positive effect of soluble BG on HGF-dependent tumor growth, cell migration and signaling by Met via PI3K/mTOR/P-Rex1/ 
Rac pathway in lung cancer cells. Note bene: uncropped versions of the original Fig. 5A,B,C,D, are shown in Supplementary Fig. 5S. 
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anchor sites for GAGs [19] (Fig. 3A). As expected, solBG-WT and solBG-AA differed in their electrophoretic mobility (Fig. 3B). Being 
the difference attributable to the covalently bound GAGs in the wild-type solBG, detected as a high molecular weight broad smear in 
the silver-stained gel in contrast to the sharp band corresponding to the core protein lacking GAGs, observed in the mutant solBG-AA 
(Fig. 3B). We then analyzed the potential biochemical interaction of WT and GAGs-deficient solBGs with HGF, in comparison with the 
well-established interaction with TGFβ2. As expected, WT and mutant solBG were both able to interact with 125I-labeled TGFβ2, 
revealed by pulldown of the crosslinked complex (Figs. 3C and 4S), indicating that both recombinant solBGs had proper functional 
conformation. However, no significant crosslinking between soluble BG and HGF was detectable by this method, maybe because 
conventional crosslinkers do not perform efficiently on glycosaminoglycans, as shown in Fig. 4S. Considering that perhaps a solid 
phase was required, as it would be expected from the functional effect of solBG on HGF signaling, likely occurring at the plasma 
membrane, and perhaps involving the HGF receptor Met, we used immobilized solBG to address its potential interaction with HGF in 
dot blot assays. Compared to the binding of TGFβ, which showed a significant interaction with native solBG (both WT and AA), but not 
with denatured solBG (Fig. 3D), in the case of HGF, we detected a significant interaction with native wild type solBG (Fig. 3E), which 
was decreased with denatured (boiled) solBG, and further reduced with GAGs-free denatured solBG (Fig. 3E). Intriguingly, GAGs-free 
native solBG-AA exhibited a significant interaction with HGF (Fig. 3E, third spot). These results indicated that not only the solBG GAGs 
are important for the interaction with HGF, but also the native conformation of the immobilized core protein plays a relevant role, 
likely providing, in wild type solBG, a spatial orientation to the GAG chains suitable for the best interaction of HGF, as it was the most 
effective HGF binding partner (Fig. 3E). However, it must be kept in mind that the functional interaction between HGF and solBG that 
enhances HGF-dependent effects is likely influenced by additional molecular elements that are not present in the in vitro system with 
purified proteins. Thus, the biochemical interaction suggested by the dot-blot approach is limited and raises important questions that 
warrant future studies focusing on the structural basis and dynamics of the interaction between HGF and solBG, as well as the role 
played by the Met receptor and potentially other molecules involved in the functional interaction needed to increase cell migration and 
tumor growth. 

The functional role of solBG GAG chains on HGF-driven lung cancer cell migration was assayed by comparing the effect of solBG- 
WT with the one caused by solBG-AA, the mutant lacking GAGs. Consistent with a critical role attributable to BG’s GAGs, the positive 
effect of solBG-WT, enhancing cell migration caused by HGF, was lost when solBG-AA was used (Fig. 3F and G). To confirm that HGF- 
driven cell migration was mediated by Met receptors, cells were incubated before and during the migration assays with PF-04217903, a 
specific Met inhibitor (Met-i). The migratory effect of HGF, either alone or combined with solBG, was blocked when Met receptor was 
inhibited (Fig. 3H and I), further confirming that the positive effect of solBG’s GAG chains on HGF signaling was mediated by Met. 

3.6. solBG enhances membrane recruitment of P-Rex1 stimulated by HGF 

Given that Met is a potent activator of cell migration guided through the spatiotemporal activation of the Rac GTPase [46,47], and 
HGF activates Rac in a P-Rex1-dependent manner [11], we addressed whether this pathway was active in LAP0297 lung cancer cells 
and investigated whether P-Rex1 recruitment to the plasma membrane, induced by HGF, was enhanced by soluble BG (Fig. 4A). 
Consistent with this possibility, HGF activated P-Rex1 (Fig. 4B), which was isolated with recombinant GST-Rac G15A beads, a 
nucleotide-free GTPase with high affinity for active RacGEFs [48]. In addition, HGF promoted transient recruitment of P-Rex1 to the 
membrane fraction (Fig. 4C), which was more pronounced when solBG was combined with HGF (Fig. 4D), coinciding with a higher 
effect on Rac activation, as indicated by pulldown with GST-PAK-CRIB (Fig. 4E). 

3.7. Soluble BG enhances the activation of Met by HGF, promoting persistent signaling 

To directly address whether Met was more effectively activated by HGF in the presence of solBG, we stimulated LAP0297 lung 
cancer cells with HGF alone or combined with solBG-WT, for 15 and 30 min, and immunoprecipitated Met. The phosphorylation status 
of the active receptor was revealed with antibodies detecting pY1234/Y1235 within the catalytic tyrosine kinase domain of Met [46]. 
The combination of HGF with solBG increased the active state of Met receptor (Fig. 5A). Met phosphorylation promoted by HGF alone 
or combined with solBG was due to its own tyrosine kinase catalytic activity, as demonstrated by the inhibitory effect of its specific 
inhibitor (Fig. 5B). Given that all the previously analyzed effects of HGF were more prominent in the presence of solBG, we analyzed 
whether Met signaling to Akt and Erk were more effective and persistent in cells stimulated with HGF combined with solBG. Time 
course experiments revealed that both pAkt (Fig. 5C, phosphor-AKT (Ser473), the mTORC2 phosphorylation site) and pErk (Fig. 5D) 
reached higher levels and were more persistent when HGF was applied together with solBG. 

4. Discussion 

HGF and its receptor, the tyrosine kinase Met, have been recognized as drivers of tumor growth and metastatic dissemination of 
various cancer types [46,49–51]. Although their potential as drug targets is supported by preclinical studies, and targeted therapies 
based on antibodies and tyrosine kinase inhibitors are in clinical trials, very limited therapeutic options have been approved so far [46, 
49,51]. Combined therapies, based on the identification of vulnerable patients that maintain high and persistent HGF signaling due to 
actionable molecular coadjuvants, might contribute to the design of effective personalized therapies. Given its existence as a soluble 
proteoglycan within the tumor microenvironment, resulting from ectodomain shedding [18,52], and the functional role of GAGs 
controlling growth factor availability [26], we tested the hypothetical role of soluble BG, either containing or lacking GAGs, in the 
signaling effects of HGF, known as a prometastatic factor within the tumor microenvironment [46]. Our results, graphically presented 
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in the model shown in Fig. 5E, are consistent with the idea that increased tumor growth and augmented lung cancer and endothelial 
cell migration are linked to the positive effect of soluble BG, which increased HGF signaling leading to persistent phosphorylation of 
Met and activation of its downstream pathways, including PI3K/Akt/P-Rex1/Rac and Erk, relevant in cell migration and proliferation. 
Since PI3K/Akt and Erk pathways were simultaneously activated by HGF and their functional crosstalk at different levels has been 
reported to play a role in cancer progression, particularly in the process of metastatic dissemination [53,54], we cannot rule out that 
some crosstalk between these signaling pathways might be involved in the functional effects of enhanced HGF signaling by betaglycan. 
Our findings are consistent with previous studies showing that HGF is a potent inducer of lung cancer cell migration [36]. In addition, 
in breast cancer cells, HGF induces Rac activation through P-Rex1 [11]. Therefore, aiming towards the long-term goal of achieving 
efficient personalized therapies, better effects of anti-HGF/Met therapies in cancer patients might be achieved by selecting those cases 
in which soluble BG is absent. In other cases, inhibition of the BG/HGF interphase or inhibition of BG posttranslational modifications 
can be explored as complementary alternatives. 

BG plays a complex role in cancer progression. BG expression regulation has been involved in the progression or suppression of 
diverse malignancies by diverse mechanisms [55–59]. This duality has been evident since the pioneering works by the groups of 
Arteaga and Moses showed that TGFBR3 promotes tumor activity of human breast cancer cells [57,60]. Later, the notion that this 
duality could be ascribed to the opposing roles of membrane and soluble BG on the TGFβ modulation, led to the idea that solBG 
performs as a tumor suppressor. However other works have cast doubts over that simplistic view. The work by Burghardt et al. is 
relevant since they showed that glioblastoma cells expressing soluble BG grow larger tumors and reduce survival times when xeno-
grafted to nude mice [61]. Recombinant solBG has been used in preclinical models as a decoy receptor to prevent cancer progression 
due to aberrant TGFβ signaling linked to immunosuppression and mesenchymal transition [18,62]. Our present work reveals that in 
addition to this role, soluble BG acts also as a promoter of cancer progression via its GAG chains. Furthermore, this role unlikely is 
limited to HGF, as other factors, such as FGF and Wnt3a are bound by BG GAG chains [26,63]. This possibility is consistent with the 
marginal effect of solBG which shows some stimulatory effects on its own, perhaps acting on cell-produced HGF and likely other 
cell-secreted factors functionally linked to the effect of SolBG on autocrine stimulation, as indicated by the marginal effect remaining in 
the presence of the Met-inhibitor. Our present work provides a new and relevant facet to TGFBR3 role in cancer, namely, that its GAG 
status must be considered when analyzing its tumor-promoting or suppressing activities. 

Our results also indicate that the use of solBG as a decoy receptor should be limited to situations where HGF is absent or plays no 
major role in tumor growth and dissemination. In cases in which solBG has been considered a potential therapeutic molecule to target 
the TGFβ pathway, higher therapeutic precision would be achieved with the GAGs-free core protein, with the idea to prevent potential 
TGFβ-independent effects, including those on HGF and other, previously documented, such as interactions through BG GAGs with 
bFGF and Wnt3a [26,63]. 

Our results generate new routes of research on the therapeutic potential of HGF/Met pathway and the combined effect of solBG. 
Given that we found that the positive effect of solBG on HGF signaling depends on Met tyrosine kinase activity, the potential assembly 
of a trimeric complex between solBG, HGF, and Met warrants further investigations. In addition, to understand the basis of persistent 
HGF/Met signaling promoted by solBG, future studies shall completely characterize the biochemical interaction of HGF and solBG. 
Also, determining how solBG or its GAGs affects the Met trafficking and degradation is important, as it has been mechanistically linked 
to the downregulation of this pathway [64]. 
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