
ll
OPEN ACCESS
iScience

Article
IGFBP3 induced by the TGF-b/EGFRvIII
transactivation contributes to the malignant
phenotype of glioblastoma
Xuehua Zhang,

Guoyan Wang,

Yujiao Gong, ...,

Huan Ren, Xiao

Zhu, Yucui Dong

renh@sustech.edu.cn (H.R.)

xzhu@ytu.edu.cn (X.Z.)

yucuidong@bzmc.edu.cn

(Y.D.)

Highlights
IGFBP3 is induced by the

crosstalk between TGF-b

and EGFRvIII signaling in

GBM cells

EGFRvIII and IGFBP3 are

overexpressed and

positively correlated in

GBM patients

Inhibition of IGFBP3

effectively disturb the

TGF-b/EGFRvIII/c-Jun/

IGFBP3 axis

Targeting IGFBP3

effectively suppressed

tumor growth in EGFRvIII

xenografts model

Zhang et al., iScience 26,
106639
May 19, 2023 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.106639

mailto:renh@sustech.edu.cn
mailto:xzhu@ytu.edu.cn
mailto:yucuidong@bzmc.edu.cn
https://doi.org/10.1016/j.isci.2023.106639
https://doi.org/10.1016/j.isci.2023.106639
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106639&domain=pdf


iScience

Article

IGFBP3 induced by the TGF-b/EGFRvIII
transactivation contributes to the malignant
phenotype of glioblastoma

Xuehua Zhang,1,10 Guoyan Wang,2,10 Yujiao Gong,3 Leilei Zhao,1 Ping Song,4 He Zhang,5 Yurui Zhang,1

Huanyu Ju,6 Xiaoyu Wang,7 Bin Wang,1 Huan Ren,8,* Xiao Zhu,9,* and Yucui Dong1,11,*

SUMMARY

Dual or multi-targets therapy targeting epidermal growth factor receptor variant
III (EGFRvIII) andothermolecularmay relax the constraint for glioblastoma (GBM),
putting forward the urgent requirement of finding candidatemolecules. Here, the
insulin-like growth factor binding protein-3 (IGFBP3) was considered a candidate,
whereas the mechanisms of IGFBP3 production remain unclear. We treated GBM
cells with exogenous transforming growth factor b (TGF-b) to simulate the micro-
environment. We found that TGF-b and EGFRvIII transactivation induced the acti-
vation of transcription factor c-Jun, which specifically bound to the promoter re-
gion of IGFBP3 through Smad2/3 and ERK1/2 pathways and promoted the
production and secretion of IGFBP3. IGFBP3 knockdown inhibited the activation
of TGF-b and EGFRvIII signals and the malignant behaviors triggered by them
in vitro and in vivo. Collectively, our results indicated a positive feedback loop
of p-EGFRvIII/IGFBP3 under administration of TGF-b, blocking IGFBP3 may be
an additional target in EGFRvIII-expressing GBM-selective therapeutic strategy.

INTRODUCTION

Glioblastoma (GBM) accounts for 48.3% of malignant tumors of the central nervous system (CNS). Owing to

the high aggressiveness of GBM, malignant symptoms of GBM patients develop rapidly in a few days or

months.1 GBM exhibits both intra and inter-tumor heterogeneity, lending to resistance and eventual tumor

recurrence.2–4 Targeted therapy is common current therapies for GBM. High-level EGFR amplification was

observed in 97% of the classical subtypes, and type vIII EGFR mutations (EGFRvIII) were found in approxi-

mately half of the typical samples analyzed.5 Hence, EGFRvIII targeting therapy is the most common ther-

apeutic approaches for GBM-EGFR patients.6,7 However, therapies directed against EGFRvIII have not

yet shown clear benefit clinically, possibly because of the immunosuppressive microenvironment of the

GBM, and the positive feedback loop for EGFRvIII.8 Dual or multi-targets therapy targeting EGFRvIII and

other associated molecular may relax the constraint of EGFRvIII targeting therapy. Hence, further studies

to identify other molecular associated with the disease progression in EGFRvIII-GBM and to clarify the un-

derlying mechanisms are urgent.

The insulin-like growth factor binding protein family (IGFBPs) contains six different binding proteins

(IGFBP1-IGFBP6), among which IGFBP3 is the main carrier of IGFs in vivo.9,10 IGFBP3 belongs to a class

of molecules with diverse regulatory functions11 and plays an important role in malignancy development

of cancers, including melanoma, glioma, and breast cancer.12,13 Zhong et al. found that IGFBP3 expression

accounted for 97% in GBM cell lines.14 By exploring the level of IGFBP3 in the blood of clinical patients with

GBM and its expression in GBM tissue samples, it was found that IGFBP3 could promote cell migration and

invasion, cycle progression, and facilitate metastasis. IGFBP3 expression is associated with poor patient

prognosis, thus IGFBP3 was identified as a novel prognostic biomarker for glioblastoma.15–17 Moreover,

EGFRvIII signaling was probably implicated in mediating IGFBP3 production. In the IGFBP3-transfected

T47D cell model, the acquisition of growth stimulation associated with IGFBP3 expression was accompa-

nied by enhanced EGFR signaling.18 Takaoka et al.19 demonstrated that IGFBP3 was identified as a highly

upregulated gene in EGFR-overexpressing cells in patients with developing esophageal cancer. Mean-

while, it has been well recognized that transforming growth factor b (TGF-b) was closely associated with

EGFRvIII signaling. TGF-b is an important component of the GBM immunosuppressive microenvironment
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that promotes invasion, angiogenesis as well as suppression of the immune system.20 Recent studies have

suggested that TGF-b can also induce sustained EGFR transactivation in rat mesangial cells through non-

ligand-dependent pathways.21 During cancer metastasis, the TGF-b pathway and other signaling cascades,

including EGFR/RAS, often cooperate to induce EMT.22 Wei et al. found that the expression of TGF-b1 and

TGF-awas significantly increased in the supernatant of U87-EGFRvIII cells compared with U87 cells by cyto-

kine antibody array analysis.23 Zhang et al.24 found that TGF-b2 expression was upregulated in EGFRvIII-

positive specimens using tissue staining.

However, no study has been devoted into the production of IGFBP3 in EGFRvIII-expressing cells in immu-

nosuppressive microenvironment, as well as the mechanism underlying action. In this study, we hypothe-

sized that TGF-b and EGFRvIII signaling jointly mediate IGFBP3 production. On the one hand, exogenous

TGF-b administration was applied to simulate immunosuppressive microenvironment for the EGFRvIII-

overexpressing GBM and-vector cells. The production, transcription factor, and upstream pathways of

IGFBP3 expression were investigated. On the other hand, expression of EGFRvIII and the TGF-b-induced

malignant progression of EGFRvIII-expressing cells were explored under the treatment of IGFBP3 siRNA or

the addition of IGFBP3 neutralizing antibody. For the first time, we demonstrated that transactivation of

TGF-b and EGFRvIII co-activates the Smad2/3 and ERK1/2 signaling pathways and the downstream tran-

scription factor c-Jun, which specifically binds to the promoter region of IGFBP3 and promotes the malig-

nant progression of EGFRvIII-expressing cells. Remarkably, the positive feedback loop of p-EGFRvIII/

IGFBP3 under administration of TGF-b was observed. Our findings suggested further clinical trials with

the inhibition of IGFBP3 expression in EGFRvIII-expressing GBM.

RESULTS

EGFRvIII and TGF-b synergistically promoted expression of IGFBP3 through Smad2/3 and

ERK1/2 signaling pathways

Expression of cytoplasmic (c-) and secretory (s-) IGFBP3 in U87-vector and U87-EGFRvIII cells were as-

sessed. qRT-PCR showed that the expression of IGFBPs in U87-vector cells did not change significantly af-

ter TGF-b treatment, whereas in U87-EGFRvIII cells, IGFBP3 increased more significantly after TGF-b treat-

ment (Figure 1A). Western blotting results showed that TGF-b only induced the expression of c-IGFBP3 in

EGFRvIII-expressing GBM cells in a time-dependent manner; however, it did not increase over time in vec-

tor cells (Figures 1B and S1A). Likewise, the TGF-b induced secretion of s-IGFBP3 in conditionedmedium in

a time-dependent manner in EGFRvIII-expressing GBM cells, whereas there was no change in secretion of

secretory IGFBP3 in vector cells (Figures 1C and S1B). The cell supernatant was further verified by western

blotting, and the same experimental results were obtained. To investigate the role of key signaling medi-

ators in the upregulation of IGFBP3, we treated GBM cells with TGF-b at four different time points. The re-

sults showed that TGF-b not only elevated phosphorylated canonical Smad2/3 in a time-dependent

manner, but also elevated the levels of p-EGFRvIII, p-ERK1/2, and p-AKT in U87-EGFRvIII cells, whereas

those proteins in U87-vector cells displayed no significant alterations over time (Figure 1D). Consistent re-

sults were obtained for the LN229 clones (Figure S1C). To verify the vital connection between TGF-b and

EGFRvIII, U87-EGFRvIII cells were treated with TGF-b and immunoprecipitation was performed. Specif-

ically, the cell lysate was precipitated with anti-IgG, EGFRvIII mAb, followed by immunoblotting with the

anti-EGFRvIII and TGF-b mAb. The results showed that positive co-precipitation of EGFRvIII with TGF-b

(Figure 1E). Furthermore, to determine the roles of TGF-b, as well as the associated pathways, in

EGFRvIII signaling activation and IGFBP3 upregulation, we treated the cells with the TGF-bR inhibitor

LY2157299 at different concentrations (0, 5, 10 and 20 mM). The results presented reductions of p-EGFRvIII

and IGFBP3 in a dose-dependent manner with reduced expression of p-Smad2/3, p-ERK1/2 and p-AKT

(Figure 1F), indicating crucial role of TGF-b and implications of Smad, ERK1/2 and AKT signaling activation

in IGFBP3 production. To further explore the role of ERK1/2 and AKT in TGF-b-induced increases in IGFBP3

expression, we pretreated U87-EGFRvIII cells with the MEK inhibitor U0126 and PI3K inhibitor LY294002. As

shown in Figure 1G, U0126 and LY294002 significantly reduced the expression levels of p-EGFRvIII and

IGFBP3. Together, these data suggested that TGF-b and EGFRvIII synergistically transactivated the

Smad2/3 and ERK1/2 signaling pathways, which subsequently upregulated IGFBP3 expression.

TGF-b simultaneously induced nuclear translocation of IGFBP3, EGFRvIII and associated

signaling molecules

IGFBP3 is a functional nuclear localization signal, and extensive cell biology studies have suggested impor-

tant biological roles for IGFBP3 in the nucleus.25 Immunofluorescence showed that TGF-b treatment
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simultaneously induced nuclear translocation of IGFBP3 and EGFRvIII (Figure 2A). Subsequently, nuclear

proteins were isolated to verify the expression of EGFRvIII and related signaling molecules, indicating

an increasing trend of p-EGFRvIII, p-Smad2/3 and p-ERK1/2 along with increasing c-IGFBP3 expression

under TGF-b treatment (Figure 2B). Similar results were obtained for LN229-EGFRvIII cells after the

Figure 1. EGFRvIII and TGF-b synergistically promoted expression of IGFBP3

(A) qRT-PCR analysis of IGFBPs mRNA in U87-vector and-EGFRvIII with TGF-b (10 ng/mL) treated for 12 h and 24 h.

(B) Western blotting analysis of expression of IGFBP3 in U87-vector and-EGFRvIII cells treated with TGF-b for indicated times, b-actin was used as a loading

control.

(C) The expression of IGFBP3 in cell culture supernatant was detected by ELISA and western blotting under TGF-b treatment.

(D) Western blotting analysis of the expression of total and phosphorylation of EGFRvIII, Smad2/3, ERK1/2, AKT in U87-EGFRvIII cells or U87-vector cells

treated with TGF-b.

(E) The analysis of immunoprecipitation (IP) showed the firm association of EGFRvIII with TGF-b in U87-EGFRvIII cell.

(F) Western blotting analysis of the expression level of IGFBP3, p-EGFRvIII, and downstream signal proteins in U87-EGFRvIII cells treated with the TGF-bR

inhibitor LY2157299 (0, 5, 10 and 20 mM) and then stimulated with TGF-b. (G) Protein expression levels of total and phosphorylated of EGFRvIII, ERK1/2, AKT

and IGFBP3 in U87-EGFRvIII cells pretreated with U0126 (15 mM) or LY294002 (15 mM) and then stimulated cells with TGF-b. Values are the means G SD of

three independent experiments. *p<0.05; **p<0.01; ***p<0.001. See also Figure S1.
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same treatment (Figure S2A). Moreover, nuclear export inhibitor leptomycin B (LMB) significantly elevated

levels of p-EGFRvIII, p-Smad2/3, p-ERK1/2, p-AKT and c-IGFBP3 in the nucleus but reduced their protein

levels in the cytoplasm of EGFRvIII-expressing GBM cells in a dose-dependent manner (Figures 2C and

S2B). Therefore, our findings indicated co-nuclear translocation of IGFBP3 and EGFRvIII induced by

TGF-b. Meanwhile, ELISA detected that s-IGFBP3 in the cell supernatant were reduced with increased con-

centration of LMB (Figures 2D and S2C), which was further confirmed by western blotting (Figure 2E).

Figure 2. TGF-b induced IGFBP3 and EGFRvIII nuclear translocation

(A)Immunofluorescence staining of EGFRvIII (green), IGFBP3 (red) and DAPI (blue) in U87-EGFRvIII cells after TGF-b treatment. Scale bar = 25 mm, arrows

showed changes in the co-localization of EGFRvIII and IGFBP3.

(B) Western blotting analysis of the nuclear protein levels of IGFBP3, total and phosphorylated of EGFRvIII, Smad2/3 and ERK1/2 after TGF-b treatment.

(C) The expression level of IGFBP3, TGF-b and EGFRvIII downstream signal proteins were detected in the nuclear and cytoplasmic of U87-EGFRvIII cells

treated with LMB and then stimulated with TGF-b.

(D) ELISA analysis of the expression level of secreted IGFBP3 in U87-EGFRvIII cell culture supernatant pretreated with LMB and then stimulated with TGF-b.

(E) The protein expression level of IGFBP3 in cell supernatant of U87-EGFRvIII cells pretreated with LMB and then stimulated with TGF-b. ***p<0.001. See

also Figure S2.
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Activated by TGF-b and EGFRvIII signals, transcription factor c-Jun can bind to the IGFBP3

promoter region

The proto-oncogene c-Jun is a major component of the heterodimeric AP-1 family of transcription factors.

c-Jun has been reported to be a downstream target of ERK1/2.26 Meanwhile, another study27 proposed

that TGF-b regulates cell migration through endogenous c-Jun; however, the relationship between

c-Jun activation and IGFBP3 production has not been reported. Considering that IGFBP3 expression

was regulated by the TGF-b signaling pathway, we speculated that c-Jun might play a key role in TGF-

b-mediated upregulation of IGFBP3. To further investigate the potential mechanisms, the roles of c-Jun

in TGF-b-mediated upregulation of IGFBP3 were explored. As shown in Figures 3A and 3B, the mRNA

and protein expression levels of c-Jun were significantly increased in U87-EGFRvIII cells rather than U87-

vector cells after they were exposed to TGF-b for 24 h. The c-Jun protein levels were also verified in

LN229-EGFRvIII and LN229-vector cells (Figure S3A). In addition, LY2157299, U0126 and LY294002 were

applied to examine the roles of TGF-bR, ERK1/2 and AKT signaling in c-Jun expression (Figures 3C and

3D), demonstrating attenuated c-Jun expression as same as expression of IGFBP3.

Todeterminewhether c-Junbinds to the IGFBP3promoter to activate it, weusedonlinebioinformatics tools to

analyze the IGFBP3promoter region.As shown in Figure 3E, theputativebinding sites of highest score for tran-

scription factor c-Jun were�742 to�732 relative to the transcription initiation site. Moreover, the c-Jun bind-

ing sites on IGFBP3 conserved sequences were mutated. Next, a panel of firefly luciferase reporter plasmids

containing the IGFBP3 promoter region was examined using transient transfection assays. pcDNA3.1 (+)

with a c-Jun conserved sequencewas co-transfectedwith theGPL3-IGFBP3-WTorGPL3-IGFBP3-Mutplasmid.

As shown in Figure 3F, c-Jun specifically bound to the WT-IGFBP3 promoter, but not to the Mut-IGFBP3 pro-

moter. To confirm theeffect of c-JunonTGF-b induced IGFBP3expression, c-Jun siRNAwasapplied.As shown

in Figures 3G and 3H, c-Jun siRNA effectively reversed TGF-b-induced c-Jun elevation compared to the nega-

tive control in U87-EGFRvIII cells. At the same time, IGFBP3 expression was significantly impaired with the

impaired c-Jun expression, demonstrating that c-Junwas the transcription factor of IGFBP3.Moreover, our re-

sults also observed that expression of p-EGFRvIII was impaired (Figure 3H).

IGFBP3 play important roles in enhanced malignant behaviors of EGFRvIII-expressing GBM

cells under TGF-b stimulation

Because exogenous TGF-b induced EGFRvIII-positive GBM cells to express IGFBP3, the malignant biolog-

ical behavior of cells was compared between -EGFRvIII and -vector cells to examine whether EGFRvIII-pos-

itive cells acquire stronger malignant characteristics. The proliferation ability of U87-vector cells was

slightly enhanced after 48 h of TGF-b treatment, whereas the proliferation of U87-EGFRvIII cells was signif-

icantly elevated (Figure 4A). These data were confirmed in LN229 clones (Figure S4A) as well. Consistently,

cell cycle analysis showed that the growth ratio of S-phase cells in the U87-vector cells after 48 h of TGF-b

treatment was about 9%, in comparison with around 16% of that in U87-EGFRvIII cells (Figure 4B). Western

blotting showed that the expression levels of S-phase related protein (Cyclin E1, Cyclin E2 and CDK2) were

significantly increased in U87-EGFRvIII cells after TGF-b treatment (Figure 4C). Meanwhile, wound healing

and transwell invasion assays demonstrated that the migration and invasion rates of U87-EGFRvIII cells

were significantly increased compared with U87-vector cells (Figures 4D and 4E). Likewise, the migration

ability of LN229-EGFRvIII cells stimulated with TGF-b was significantly strengthened than that of LN229-

vector cells (Figure S4B). Moreover, the EMT markers (e.g., N-cadherin, Snail and Desmoplakin) of U87-

EGFRvIII and U87-vector cells were detected after treatment with TGF-b. Although the results showed

changes in U87-vector cells, its reactivity was significantly lower than that for U87-EGFRvIII cells (Fig-

ure S4C). This was further confirmed by western blotting analysis of N-cadherin, E-cadherin and Vimentin

expression levels (Figure S4D).

To investigate whether IGFBP3 plays a vital role in malignant biological behavior of EGFRvIII-positive cells

under the administration of exogenous TGF-b, we knocked down IGFBP3 expression using siRNA.Western

blotting and qRT-PCR verified that IGFBP3 siRNA significantly reduced the expression of IGFBP3 in both

U87-EGFRvIII and U87-vector, particularly, IGFBP3 siRNA partially counteracted TGF-b-induced IGFBP3

elevation in U87-EGFRvIII cells (Figures 5A and S5A). Similar results were obtained in the LN229 clones (Fig-

ure S5B). Significantly, IGFBP3 siRNA also significantly reduced the expression of s-IGFBP3 in the cell cul-

ture supernatant, as determined by ELISA (Figures S5C, S5D). IGFBP3 siRNA was used to detect its impact

on the malignant biological behavior of EGFRvIII-expressing cells under the administration of exogenous

TGF-b. Flow cytometry indicated that IGFBP3 siRNA reduced the proportion of cells at S-phase compared
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to the negative control group or TGF-b-treated group alone (Figure 5B). Then, the proteins expression of

Cyclin E1, Cyclin E2 and CDK2 related to S-phase was tested by western blotting in these cells and obtained

the same results (Figure 5C). Assays of wound healing and transwell demonstrated that IGFBP3 significantly

impaired the TGF-b-induced enhancement of migration and invasion capabilities in U87-EGFRvIII cells

Figure 3. TGF-b regulates the transcription of IGFBP3 by activating the transcription factor c-Jun

(A) The mRNA of c-Jun was detected in U87-EGFRvIII by qRT-PCR after TGF-b treatment.

(B) Western blotting analysis of c-Jun protein levels in U87-vector or U87-EGFRvIII cells treated with TGF-b for indicated times.

(C) Western blotting analysis of the expression level of c-Jun in U87-EGFRvIII cells treated with LY2157299 (0, 5, 10 and 20 mM) and then stimulated with

TGF-b.

(D) Protein expression levels of c-Jun in U87-EGFRvIII cells pretreated with U0126 and LY294002 and then stimulated cells with TGF-b.

(E) Schematic diagram depicting the regulatory sequences of the IGFBP3 promoter region.

(F) Luciferase assays for specific binding of IGFBP3 promoter (WT) or (mutant)-Luc plasmid to c-Jun plasmid transfected with U87-EGFRvIII.

(G) U87-EGFRvIII cells were transfected with Scramble (Scr) or c-Jun specific siRNA, then treated with TGF-b for 24 h, the expression level of c-Jun and IGFBP3

mRNA were determined by qRT-PCR analysis.

(H) Western blotting analysis of the effect of c-Jun knockdown on TGF-b-induced upregulation of c-Jun, IGFBP3 and EGFRvIII proteins level. *p<0.05;

**p<0.01; ***p < 0.001. See also Figure S3.
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(Figure 5D). Moreover, the effects of IGFBP3 knockdown on the Smad2/3, ERK1/2, AKT, MMP2 and MMP9

were examined by western blotting. As shown in Figures 5E and S5E, knockdown of IGFBP3 resulted in

decreased p-EGFRvIII and p-Smad2/3, in addition to greatly reduced phosphorylation of ERK1/2 and

AKT in EGFRvIII-expressing GBM cells. In contrast, these molecules were less inhibited in the vector cells.

At the same time, IGFBP3 siRNA reversed the TGF-b and EGFRvIII induced increase of MMP-9 and MMP-2

(Figure 5E). The above findings suggested a feedback loop of TGF-b/EGFRvIII and IGFBP3. Therefore,

IGFBP3 neutralizing antibody (IGFBP3-Ab) at different concentrations was subsequently added to condi-

tioned medium of U87-EGFRvIII to confirm the potential effect of s-IGFBP3 on TGF-b and EGFRvIII

signaling. As shown in Figure 5F, IGFBP3-Ab significantly inhibited the TGF-b-induced invasion ability of

the U87-EGFRvIII cells. Western blotting presented consistent results with those after knockdown of

IGFBP3, that is, decreased expression of p-EGFRvIII, p-Smad2, and p-Akt (Figure 5G). These results indi-

cate that inhibition of IGFBP3 could reverse TGF-b-inducedmalignant biological behavior in EGFRvIII cells.

Mouse model and clinical investigations suggested IGFBP3 as an effective therapeutic target

Subcutaneous xenograft mouse models were established to validate the effects of IGFBP3 on tumor growth

in vivo. Themouse subcutaneous xenograftmodelsweregeneratedusing IGFBP3 knockdownor negative con-

trol U87-EGFRvIII cells. As the results, IGFBP3 knockdown presented delayed tumor growth (Figure 6A) and

decreased tumor weight (Figure 6B). To further verify the effect of IGFBP3 knockdown on the survival of

mice, the constructed U87-EGFRvIII-shControl and U87-EGFRvIII-shIGFBP3 cells were injected into the

Figure 4. The malignant biological behavior of EGFRvIII-expressing GBM cells was regulated by TGF-b

(A) MTT assay was performed to analyze the cell proliferation between U87-vector cells and U87-EGFRvIII cells under the treatment of TGF-b for 48 h.

(B) DNA content of U87-vector and U87-EGFRvIII cells was assayed by flow cytometry and PI staining. The gates and percentages of cells in the G1, S, and G2

phases are indicated.

(C) Western blotting analysis the effects of TGF-b on S-phase related proteins (Cyclin E1, Cyclin E2 and CDK2) in U87-vector and U87-EGFRvIII cells.

(D and E) U87-vector and U87-EGFRvIII cells were wound healing and transwell invasion assays treated to measure and quantify their migration and invasion

activity under the treatment of TGF-b. *p<0.05; **p<0.01; ***p<0.001. See also Figure S4.
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intracranial of mice, and the results showed that IGFBP3-shRNA-treated mice showed better overall survival

compared with shControl-treated mice (Figure 6C). Compared with negative control group, immunohisto-

chemistry showed significantlydecreasedexpressionof IGFBP3alongwithdownregulatedexpressionof tumor

tissue proliferation marker Ki-67, and blood vessels marker CD31 in tumor tissue in IGFBP3 knockdown group

(Figure 6D). These results indicated that IGFBP3 knockdown significantly suppressed tumor growth and tumor

formation in vivo. In addition, a series of human biopsies, including that of normal tissues (n = 3) and patients

with newly diagnosed grades I-II (n = 12), III (n = 23), and IV (GBM) (n = 42) glioma were examined to further

explore whether the expression of EGFRvIII and IGFBP3 has a synergistic promoting effect on patients with gli-

oma. IHC analysis showed that IGFBP3 and EGFRvIII were highly expressed in GBM compared to that in pa-

tients with normal tissue or low-grade glioma (Figures 7A and 7B). Moreover, correlation analysis of the 42

GBM specimens showed that expression level of EGFRvIII was positively correlated with that of IGFBP3

(Figure 7C).

DISCUSSION

A conceptual model of the feedback loop between p-EGFRvIII and IGFBP3 in EGFRvIII-

expressing GBM cells under administration of TGF-b

Although that the expression of EGFRvIII was restricted on tumors cells has made EGFRvIII an ideal target

for GBM in theory, the immunosuppressive microenvironment has been recognized as key constraint of

EGFRvIII targeting therapy. TGF-b is an important component of the GBM microenvironment that inhibits

the immune response and promotes the occurrence and development of glioma by affecting the gene

expression profile of glioma cells.28 Several studies have demonstrated the associations between TGF-b

and EGFR and between TGF-b2 and EGFRvIII, as well as their important roles, in the progression of

GBM.21–24 However, few studies illustrating the associations between TGF-b and EGFRvIII have been re-

ported in GBM. In this study, we demonstrated that TGF-b promoted the proliferation and invasion of

EGFRvIII-expressing GBM cells more significantly than the vector cells (Figure 4). Studies have shown

that the G1 to S phase (G1/S) transition was the key step that driving cells into the division cycle and

was regulated by cell cycle regulatory proteins, such as CDK2, cyclin E and p53.29,30 Our results found

that the proportion of S-phase in U87-EGFRvIII cells was obvious increased comparedwith U87-vector cells,

and the proportion increased more significantly when TGF-b was added to U87-EGFRvIII cells. Meanwhile,

the cross talk between TGF-b and EGFRvIII signaling, which could be agreed by the cross talk between

TGF-b and EGFR,31,32 was observed in this study. In osteosarcoma cells, TGF-b indirectly activates the

Ras/Raf/MAPK pathway and induces the expression IGFBP3; however, the origin of IGFBP3 in GBM has

not been reported. In this study, c-IGFBP3 was detected in U87-vector cells but not showed associations

with TGF-b (Figure 1B). In contrast, TGF-b could promote expression of c-IGFBP3 in a dose-dependent

manner when EGFRvIII expressed, indicating crucial roles of the cross talk between TGF-b and EGFRvIII

signaling in producing IGFBP3. In addition, IGFBP3 is a functional nuclear localization signal, and extensive

cell biology studies have suggested important biological roles for IGFBP3 in the nucleus.25 Cellular uptake

and nuclear import of IGFBP3 have been extensively studied.25,33 Here, immunofluorescence and nuclear

protein isolation showed that TGF-b induced the nuclear translocation of IGFBP3 and EGFRvIII.

At present, transcription factors of IGFBP3 have been reported, including X-box binding protein 1 (XBP1)34

and homeobox D10 (HoxD10).35 Deivendran et al.36 proposed that c-Jun acts as a cofactor for IGFBP3 tran-

scription in breast cancer. In this study, the inhibition of the ERK1/2 and AKT pathway by using the inhibitor

U0126 and LY294002 could attenuate the TGF-b-induced c-Jun upregulation. For the first time, we re-

ported that c-Jun directly binds to the IGFBP3 promoter to activate the expression of IGFBP3 in

Figure 5. IGFBP3 enhanced the malignant behavior of EGFRvIII-expressing cells under the administration of exogenous TGF-b

(A) U87-vector and U87-EGFRvIII cells were transfected with Scr or IGFBP3 specific siRNA, and the expression level of IGFBP3 protein were determined by

western blotting.

(B) Effect of IGFBP3 knockdown on cell cycle distribution under the treatment of TGF-b.

(C) Western blotting analysis the effect of IGFBP3 knockdown on S-phase related protein expression under the treatment of TGF-b.

(D) Knockdown of IGFBP3 decreases the migration and invasion capacities induced by TGF-b in U87-EGFRvIII cell, quantitative images of migrant and

invasive cells were shown based on wound healing and transwell assay.

(E) Western blotting analysis of the effect of IGFBP3 knockdown on TGF-b-induced upregulation of p-EGFRvIII, p-Smad2/3, p-ERK1/2, p-AKT and MMP2/9

proteins level in U87-EGFRvIII cell and U87-vector cell.

(F) Anti-IGFBP3 decreases the invasion capacities induced by TGF-b.

(G) Western blotting analysis of the effect of anti-IGFBP3 on TGF-b-induced upregulation of p-EGFRvIII, p-Smad2 and p-AKT proteins level in U87-EGFRvIII

cell. *p<0.05; **p<0.01; ***p<0.001. See also Figure S5.
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EGFRvIII-expressing GBM cells, and that knockdown of c-Jun in EGFRvIII GBM cells also decreases the up-

regulated IGFBP3 expression induced by TGF-b treatment.

Remarkably, our findings demonstrated a positive feedback loop of p-EGFRvIII/c-IGFBP3/s-IGFBP3/

p-EGFRvIII (Figure 8), which greatly contributed to the enhanced malignant behaviors of EGFRvIII-express-

ing GBM cells under administration of TGF-b. Our results showed that TGF-b could also induce the eleva-

tion of s-IGFBP3 in cell supernatants of EGFRvIII-expressing cells. Research has found that patients with

high levels of IGFBP3 in plasma had shorter overall survival in GBM,37 which can be combined with our re-

sults and suggested that plasma IGFBP3 might be a potential biomarker for predicting GBM progression.

IGFBP3 has been proposed as a functional ligand for the serine/threonine kinase type V transforming

growth factor b receptor (TGF-bRV).38 Martin et al.39 found that IGFBP3 stimulated the growth of breast

epithelial cells by increasing EGFR phosphorylation and MAPK signaling. In this study, downregulation

of IGFBP3 attenuated the malignant biological behavior of U87-EGFRvIII cells induced by TGF-b. Mecha-

nistically, IGFBP3 siRNA or neutralizing antibodies significantly attenuated the activation of the TGF-b and

Figure 6. Effect of IGFBP3 knockdown in vivo growth of U87-EGFRvIII cells using mice subcutaneous xenograft models. Nude mice were

subcutaneously injected with pretreated U87-EGFRvIII-siIGFBP3 and U87-EGFRvIII-siControl cells (n = 5 for each group)

(A) Tumor growth curves show tumor size measured every two days.

(B) Tumor images and weights of the removed subcutaneous tumors after inoculation for 21 days.

(C) The overall survival of mice in the U87-EGFRvIII-shControl and U87-EGFRvIII-shIGFBP3 cells implanted groups. Median survival of each group was 28 days

for shControl, 38 days for shIGFBP3. n = 10, **p < 0.01 compared to the control, logrank test.

(D) Representative images of IGFBP3, Ki-67 and tumor angiogenesis stained with CD31 in mouse subcutaneous tumors by IHC. *p < 0.05; **p < 0.01;

***p < 0.001.
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EGFRvIII signaling pathways, including downstream activation of Smad, ERK1/2, AKT, and MMP2/9,

whereas these results were not observed in vector cells. These data implied that TGF-b and EGFRvIII

mediate IGFBP3 production and together form a loop between them to influence GBM progression.

IGFBP3 may serve as an additional target in EGFRvIII targeting therapy

IGFBPs are a series of cystine-rich proteins that play important roles in tumor occurrence and develop-

ment.40 Among IGFBPs, the expression level of isoforms-2, -3, and -5 have been investigated extensively

in gliomas. IGFBP3 can act as a tumor suppressor and promoter in a tissue-specific manner. A wealth of

evidence has revealed both tumor suppressing and tumor promoting effects of IGFBP3 depending on

cell types, post-translational modifications and cellular context.7 Studies have demonstrated IGFBP3 has

often been considered as a tumor suppressor against the prostate cancer, esophageal squamous cell car-

cinoma.41,42 However, IGFBP3 functions as a tumor promoter in some cancers, including breast cancer and

melanoma.10,43 Santosh et al.15 reported that IGFBP3 emerges as a strong predictor of survival in patients

with newly diagnosed glioblastoma. Our results confirm that IGFBP3 promotes malignant progression of

EGFRvIII-expressing GBM.

The tumor microenvironment plays a critical role in GBM development, progression, and prognosis.

Recently, many studies using single cell transcriptomics have demonstrated the tumor microenvironment

could modulate GBM cellular states with notable plasticity, challenging the long-term assumption that

GBM tumors were clonal masses with the same molecular characteristics.2,44 Single-Cell Atlas has identi-

fied the initial and recurrent GBMs sharing similar suppressive changes, and among this GBM patients

some markers demonstrated different expression levels, including TGF-b.45 Microarray expression analysis

showed that the expression of genes related to TGF-b pathway was increased after serum treatment in pri-

mary glioma patients, and TGF-b was sufficient to induce cell senescence, indicating that primary glioblas-

toma cells retain functional senescence program induced by acute activation of TGF-b signaling pathway.46

Studies have showed that the proliferation effect of TGF-b on different glioma cell lines is different, partly

because of the expression levels of TGF-b receptor and Smad, in addition, the imbalance between Smad

and MAPK pathways is responsible for TGF-b carcinogenesis.47,48 In this study, we for the first time

Figure 7. EGFRvIII and IGFBP3 expression levels in glioma tissues

(A) Representative IHC stained images of glioma tissues using the anti-EGFRvIII and anti-IGFBP3 antibodies.

(B) EGFRvIII and IGFBP3 protein expression in tissue specimens from Normal tissue and WHO I � IV glioma patients.

(C) Correlation analysis of EGFRvIII and IGFBP3 in tissues. *p < 0.05; **p < 0.01.
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demonstrated that inhibition of IGFBP3 could reverse TGF-b-induced malignant biological behavior in

EGFRvIII cells, probably via impairing the expression of p-EGFRvIII, p-Smad2, p-ERK1/2 and p-Akt

(Figure 5).

In addition, genetic polymorphisms and haplotypes within the EGFR and IGFBP3 genes are associated with

an increased risk of renal cancer.49 IGFBP3 and EGFR form complexes in the nucleus of breast cancer cells

that mediates resistance to DNA-damaging drugs, suggesting that they may be involved in the regulation

of DNA repair.50 Increased expression of IGFBP3 was detected in lung adenocarcinomas with EGFR muta-

tions that developed resistance mechanisms after prolonged exposure to increased doses of afatinib.51

TGF-b1, EGF and IGFBP-3 genes weremost upregulated in breast cancer cells after long-term trastuzumab

(monoclonal antibody targeting HER2) exposure, and these genes play a key role in trastuzumab resis-

tance.52 Recent reports have indicated targeting EGFR signaling alone has been of little success in tri-

ple-negative breast cancer (TNBC) which frequent expression of IGFBP3 and EGFR highly. The interaction

between EGFR and IGFBP3 may also promote chemoresistance and inhibition of both has shown promise

in a preclinical setting in TNBC.16 To the best of our knowledge, we are the first to report that down-regu-

lating IGFBP3 impairs EGFRvIII signaling activation in EGFRvIII-expressing GBM cells. Additionally, we

further verified that targeted IGFBP3 therapy effectively disrupted the EGFRvIII-induced network in GBM

by effective gene knockdown assays for IGFBP3 in vivo and in vitro.

In conclusion, our study demonstrated that IGFBP3 production was mediated through the TGF-b/EGFRvIII/

c-Jun axis. Inhibition of IGFBP3 significantly reduced themalignant behavior induced by TGF-b in EGFRvIII-

expressing cells but not in vector cells. Hence, understanding the mechanism of IGFBP3 involved in growth

stimulatory signal transduction, and to design a combined therapy may improve the efficacy of GBM in

which EGFRvIII and IGFBP3 overexpression.

Limitations of the study

In this study, although treatment with IGFBP3 knockdown assays significantly decreased cell malignant

behavior, this decrease was only validated in two EGFRvIII-expressing human GBM cell lines. Owing to

the heterogeneity of GBM tumors, it is unclear whether targeting IGFBP3 is effective on other type

EGFRvIII-expressing GBM cells. Furthermore, patient-derived GBM cells with endogenous overexpressed

EGFRvIII53,54 are also needed to be established and tested. In addition, supplementation with exogenous

TGF-b did not fully simulate the diverse microenvironments in vivo. Further study will be required to better

characterize this function.

Figure 8. Schematics illustration depicting the key findings of this study

TGF-b and EGFRvIII transactivation induced the positive feedback loop of IGFBP3 to promote the progression of

EGFRVII-positive GBMs, and targeted IGFBP3 can correct this vicious cycle to combat EGFRvIII-positive GBMs.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit mAb anti-p-EGFR (Tyr1068) (D7A5) Cell Signaling Technology Cat#3777; RRID: AB_2096270

Rabbit mAb anti-c-Jun (60A8) Cell Signaling Technology Cat#9165; RRID: AB_2130165

Rabbit mAb anti-p-Akt (Ser473) Cell Signaling Technology Cat#4060; RRID: AB_2315049

Rabbit mAb anti-AKT Cell Signaling Technology Cat#4685; RRID: AB_2225340

Rabbit mAb anti-p-Erk1/2 (Thr202/Tyr204) Cell Signaling Technology Cat#4370; RRID: AB_2315112

Rabbit mAb anti-ERK1/2 Cell Signaling Technology Cat#4695; RRID: AB_390779

Rabbit mAb anti-p-Smad2 Cell Signaling Technology Cat#18338; RRID: AB_2798798

Rabbit mAb anti-p-Smad3 Cell Signaling Technology Cat#9520; RRID: AB_2193207

Rabbit mAb anti-Smad2/3 Cell Signaling Technology Cat#5678; RRID: AB_10693547

Mouse mAb anti-b-actin Cell Signaling Technology Cat#3700; RRID: AB_2242334

Mouse mAb anti-EGFR cocktail Invitrogen Cat#AHR5062; RRID: AB_2536360

Rabbit pAb anti-IGFBP3 Proteintech Cat#10189-2-AP;

RRID: AB_2123233

Mouse mAb anti-LaminB1 Proteintech Cat#66095-1-lg;

RRID: AB_11232208

Rabbit pAb anti-b-tubulin Proteintech Cat#10094-1-AP;

RRID: AB_2210695

Mouse mAb anti-CDK2 Proteintech Cat#60312-1-AP;

RRID: AB_2881424

Rabbit pAb anti-Cyclin E1 Proteintech Cat#11554-1-AP;

RRID: AB_2071066

Rabbit pAb anti-Cyclin E2 Proteintech Cat#11935-1-AP;

RRID: AB_2228593

Anti-rabbit IgG, HRP-linked Antibody Proteintech Cat#SA00001-2-AP;

RRID: AB_2722564

Anti-mouse IgG, HRP-linked Antibody Proteintech Cat#SA00001-1-AP;

RRID: AB_2722565

Rabbit pAb anti-Ki-67 Proteintech Cat#27309-1-AP;

RRID: AB_2756525

Rabbit pAb anti-CD31 Proteintech Cat#11265-1-AP;

RRID: AB_2299349

Rabbit mAb anti-EGFRvIII (D6T2Q) Cell Signaling Technology Cat#64952, RRID: AB_2773018

Rabbit mAb anti-TGF-b1 Abcam Cat#ab179695; Clone: EPR18163

Mouse IgG Beyotime Biotechnology Cat#A7028; RRID: AB_2909433

Bacterial and virus strains

Psi-LvRU6rLP-red firefly luciferase-shControl GeneCopoeia LPP-CSHCTR001-LvRU6rLP-100

Psi-LvRU6rLP-red firefly luciferase-shIGFBP3 GeneCopoeia LPP-HSH009545-LvRU6rLP-01-200

Biological samples

Human glioma tissue microarray Shanghai Outdo Biotech

Co., Ltd. (SOBC)

HBraG080PG01

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Human TGF-b PeproTech Cat#AF-100-21C-10UG

U0126 MEK inhibitor Selleckchem Cat#S1102

LY294002 PI3K inhibitor Selleckchem Cat#S1105

LY2157299 TGF-bR inhibitor Selleckchem Cat#S2230

Matrigel Corning Cat#354230

RIPA Lysis Buffer Sigma-Aldrich Cat#R0278

NE-PERTM Nuclear and Cytoplasmic Extraction reagents ThermoFisher Cat#78833

ECL reagent Millipore Cat#WBKLS0500

TRIzol reagent Invitrogen Cat#15596018

Lipofectamine 2000 Transfection Reagent Invitrogen Cat#11668019

Non-fat milk Seven Cat#SW128-02

Phenylmethanesulfonyl fluoride (PMSF) Beyotime Biotechnology Cat#ST505

Crystal violet Sigma-Aldrich Cat#V5265

Protein A/G-agarose Abmart Cat#A10001H

In vivo-jetPEI transfection reagent Polyplus transfection Cat#101000040

Triton X-100 Sigma-Aldrich Cat#T8200

2-(4-Amidinophenyl)-6-indolecarbamidine

dihydrochloride (DAPI)

Beyotime Biotechnology Cat#C1002

Tween 20 Beyotime Biotechnology Cat#ST825-100mL

TBS Beyotime Biotechnology Cat#P0228

SDS–PAGE Beyotime Biotechnology Cat#P0014A

Leptomycin B (LMB) Beyotime Biotechnology Cat#S1726-50 mg

Critical commercial assays

SYBR Green PCR kit Roche Cat#QR0100

Human IGFBP3 ELISA kits Raybiotech Cat#ELH-IGFBP3

High Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat#4368814

Dual Luciferase Reporter Gene Assay Kit GenePharma N/A

BCA assay kit Solarbio Cat#PCG0020

Cell cycle assay kit Solarbio Cat#CA1510

DAB kit Gene tech Cat#GK600505

Experimental models: Cell lines

Human: U87-MG ATCC HTB-14

Human: LN229 ATCC CRL-2611

Human: U87-vector; U87-EGFRvIII (Zheng, Q.F., et al., 2014)55 N/A

Human: LN229-vector;

LN229-EGFRvIII

(Zheng, Q.F., et al., 2014)55 N/A

Experimental models: Organisms/strains

BALB/c nude mice (five-week-old, female) Beijing SiPeiFu N/A

Oligonucleotides

siRNA targeting sequence: Scr: UAACGACGCGACGACGUAA; GenePharma N/A

siRNA targeting sequence: IGFBP3:

CAGAGCACAGAUACCCAGAACUUCU;

GenePharma N/A

siRNA targeting sequence: c-Jun:

UGGGAGAGGCAUCAUCGAATT;

GenePharma N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

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

the lead contact, Yucui Dong (yucuidong@bzmc.edu.cn).

Materials availability

The cell lines and plasmids that were generated in this study will be available upon reasonable request.

Data and code availability

� All the detailed data in this paper are available upon request. Original western blot images have

been deposited at Mendeley and are publicly available as of the date of publication.

� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tissue microarray

The human tissue microarray studies were conducted in accordance with the Declaration of Helsinki, and

approved by the Ethics Committee of Shanghai Outdo Biotech Co., Ltd. (SOBC).

Cell lines and cell culture

Human glioblastoma cell lines U87MG, LN229 were obtained from the AmericanType Culture Collection

(ATCC) (Manassas, VA, USA). The obtainment of human GBM cell lines (U87-vector; U87-EGFRvIII;

LN229-vector; LN229-EGFRvIII) was the same as our previous described.55 These cells were maintained

in DMEM (Sigma-Aldrich, StLouis, MO, USA) containing 400 mg/mL G418, 10% fetal bovine serum (FBS, vis-

tech) and 1% penicillin/streptomycin at 37�C with 5% CO2.

Stable knockdown of IGFBP3 in U87-EGFRvIII cells: U87-EGFRvIII cells were transduced at 70%-80% density

with purified shControl lentiviral particles (psi-LvRU6rLP-red firefly luciferase-shControl, GeneCopoeia) and

purified shIGFBP3 lentiviral particles (psi-LvRU6rLP-red firefly luciferase-shIGFBP3, GeneCopoeia). After

72 h, transduced U87-EGFRvIII cells were maintained under 1 mg/mL puromycin (Sigma-Aldrich) selection.

The down-regulation of IGFBP3 was detected by western blotting.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

shRNA targeting sequence: Control:

TTCTCCGAACGTGTCACGTTT

GeneCopoeia N/A

shRNA targeting sequence: IGFBP3:

CAGAGCACAGATACCCAGAACTTCT

GeneCopoeia N/A

Primers for Real-time PCR, see Table S1 This paper N/A

Recombinant DNA

Plasmid: pcDNA3.1(+)-c-Jun GenePharma N/A

Plasmid: GPL3-Basic-IGFBP3-WT GenePharma N/A

Plasmid: GPL3-Basic-IGFBP3-Mut GenePharma N/A

Software and algorithms

ImageJ ImageJ Software https://imagej.nih.gov/ij/

GraphPad Prism 8.0 GraphPad Software https://www.graphpad.com/

SPSS 19.0 SPSS http://www.spss.com.cn
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Nude mouse glioma subcutaneous model and intracranial model

The animal research was performed according to the internationally recognized guidelines and national

regulations. The animal study was reviewed and approved by Binzhou Medical University Ethics Commit-

tee. Mice were housed in sterile cages and housed in SPF animal rooms on a 12-hour light-dark cycle. All the

animals were fed water and standard mouse diet as they pleased. For flank tumor implantation, mice were

comforted and injected in the back with a syringe.

To establish a subcutaneous model, cells were treated with IGFBP3-siRNA and Control-siRNA in advance

in vitro. Five-week-old female BALB/c nude mice (SiPeiFu, Beijing, China) were randomly divided into

2 groups with 6 mice in each group, and were injected with 5 3 106/100 mL U87-EGFRvIII-si-Control and

U87-EGFRvIII-si-IGFBP3 cells, respectively. IGFBP3 siRNA of 10 mg/mouse were mixed with in vivo jetPEI

transfection reagent (Polyplus transfection, Strasbourg, France) according to the manufacturer’s instruc-

tion and infused into intratumoral. The jetPEI mixture was injected every two days, and mouse body weight

and tumor volume were measured before injection. Sizes of tumors were detected via a vernier caliper with

tumor volume:0.5 3 length 3 width2.

To monitor mice survival, an intracranial model was established. 13 106/10 mL U87-EGFRvIII-shControl and

U87-EGFRvIII-shIGFBP3 cells were injected into the intracranial striatum (n = 10 per group) at a depth of

3.0 mm using stereotactic instrument, respectively. The mice were taken care of normally during the tumor-

igenesis period and the survival time was observed. The mice were anesthetized and euthanized when they

had lost more than 20% to 25% of their body weight, a moribund state or unable to eat normally.

METHOD DETAILS

Reagents

Cytokine TGF-b purchased from PeproTech (Beijing, China). The molecular-targeted inhibitors, MTT re-

agent and Leptomycin B (LMB) were purchased from Beyotime (Haimen, Jiangsu, China). All inhibitors

were dissolved in dimethyl sulfoxide (DMSO) and stored in optimum concentration according to their

instructions.

Cell proliferation assay

Cells were planted in a 96-well plate with 53 103 cells/well. The cells were treated with the 10 ng/mL TGF-b

for 24 h and 48 h, respectively. MTT reagent (0.5 mg/mL) was added to each well and incubated for 4 h, after

which time the supernatants were removed and the formazan crystals were dissolved in dimethyl sulfoxide.

The absorbance was measured at 490 nm with a microplate reader.

Cell cycle analysis

The cells were collected and fixed with 70% precooled ethanol and incubated at 4�C overnight. RNaseA

and propidium iodide (PI) were added to the cell precipitate according to the reagent manufacturer’s in-

structions (Solarbio, Beijing, China) for DNA staining. Flow cytometry was performed, and cell cycle was

analyzed by Modfit software to determine cell cycle distribution.

Cell invasion assay

Cell invasion was determined using transwell chambers with an 8 mm pore size (Corning, NY, USA). While

43 104 GBM cells were seeded in 100 mL serumfree medium in the upper chamber. The lower chamber was

filled with 600 mL of medium containing 5% fetal bovine serum. After 48 hours of incubation, matrigel and

cells in the upper chamber were removed. The cells on the lower surface were stained with 1% crystal violet

(Sigma-Aldrich) and counted in 6 randomly selected fields to quantify the cell invasion rates.

Wound-healing assay

The GBM cells were planted into 6-well plates at 70%-80% confluence. Confluent cells were wounded by a

10-mL pipette tip, TGF-b was added and incubated for 24 h or 48 h. Wound healing was observed, and

representative scrape lines were photographed. Counted in 6 randomly selected fields to quantify the rela-

tive cell migration rates with or without treatment.
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siRNA transfection

Negative control siRNA and siRNA targeting at either of IGFBP3 and c-Jun (Genepharma, Shanghai, China)

were transfected into EGFRvIII-expressing GBM cells or vector cells using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s instructions. si-Scr, sense: (5’-UAACGACGCGAC

GACGUAA-3’); si-IGFBP3, sense: (5’-CAGAGCACAGAUACCCAGAACUUCU-3’); si-c-Jun, sense: (5’-UGG

GAGAGGCAUCAUCGAATT-3’). QRT-PCR and western blotting assays 48 hours post transfection were

used to detect the efficiency of IGFBP3 siRNA and c-Jun siRNA. The following shRNAs were used: Control

shRNA oligonucleotide, 5’-TTCTCCGAACGTGTCACGTTT-3’; IGFBP3 shRNA oligonucleotide, 5’-CAGA

GCACAGATACCCAGAACTTCT-3’.

Western blot assay and immunoprecipitation

Whole-cell lysates were harvested using cell lysis buffer which containing protease inhibitors and phosphatase

inhibitors. Nuclear and cytoplasmic fractionswereprepared usingNE-PER reagents according to themanufac-

turer’s instructions (Thermo Scientific, Waltham, MA, USA). Protein concentrations were determined by BCA

assay (Solarbio, Beijing, China). 30 mg total protein was isolated by 10% SDS-PAGE and transferred to PVDF

membrane. The non-specific reactivity was blocked with nonfat milk for 2 h at room temperature. The PVDF

membranes were then incubated with primary antibodies at 4�C overnight. After washing with TBST, HRP

labeledsheepanti-rabbit and sheepanti-mouse secondary antibodieswere incubated for 2 h. Enhancedchem-

iluminescence system (ECL)was used to visualize andgrayscale analysis was performedusing ImageJ software.

For immunoprecipitation, U87-EGFRvIII cells (13 106) were treated with ice-cold RIPA buffer (Sigma-Aldrich),

and the cells were disrupted by repeated pipetting. 1 mg of antibody was added to 1 mg of the protein lysate,

after 4 h incubation at 4�C and 30 mL of protein A/G-agarose (Abmart, Shanghai, China) was added. The sam-

ples were then incubated overnight at 4�C. After washing with cold RIPA buffer and the immunoprecipitated

proteins were eluted. Western blotting was carried out as described above.

Primary antibodies including anti-p-EGFR (#3777, RRID: AB_2096270), c-Jun (#9165, RRID: AB_2130165),

b-actin (#3700, RRID: AB_2242334), p-AKT (#4060, RRID: AB_2315049), AKT (#4685, RRID: AB_2225340),

p-ERK1/2 (#4370, RRID: AB_2315112), ERK1/2 (#4695, RRID: AB_390779), p-Smad2 (#18338, RRID:

AB_2798798), p-Smad3 (#9520, RRID: AB_2193207), Smad2/3 (#5678, RRID: AB_10693547) at 4�C overnight.

All antibodies are purchased from Cell Signaling Technology (CST, Danvers, MA, USA), except the EGFR

antibody cocktail (Cat No. AHR5062, RRID: AB_2536360) which was purchased from Invitrogen and IGFBP3

antibody (Cat No. 10189-2-AP, RRID: AB_2123233) which was purchased from Proteintech (Proteintech,

USA). Cell cyclin-related proteins CDK2 (Cat No. 60 312-1-AP, RRID: AB_2881424), Cyclin E1 (Cat No.

11554-1-AP, RRID: AB_2071066) and Cyclin E2 (Cat No. 11935-1-AP, RRID: AB_2228593) were purchased

from Proteintech. TGF-b (Cat No. 179695) was purchased from Abcam (Waltham, MA, USA). IgG

(Cat#A7028; RRID: AB_2909433) was purchased from Beyotime. The following secondary antibodies

were used: HRP labeled sheep anti-rabbit (Cat No. SA00001-2, RRID: AB_2722564) and sheep anti-mouse

(Cat No. SA00001-1, RRID: AB_2722565).

Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen) according tomanufacturer’s instructions, and the

concentration of extracted RNA was measured using an ultramicro nucleic acid protein analyzer. cDNA was

reverse-transcribed from 1 mg RNA with a High Capacity cDNA Reverse Transcription Kit (Applied Bio-

systems, Foster city, CA, USA). The FastStart Universal SYBR Green Master (ROX) (Roche) Assay Kit was

used for qRT-PCR to detect the expression of different genes. Fold-changes in relative gene expression

were calculated by the comparative Ct method (fold change = 2-
OOCt). Primer sequences are listed in

Supplementary information (Table S1).

ELISA

Culture medium was collected and subjected to ELISA analysis. The GBM cells at logarithmic growth stage

were cultured in a 12-well plate. Human IGFBP3 concentration were measured by ELISA (Raybiotech,

Norcross, GA, USA) according to the manufacturer’s protocols.

Immunofluorescence

Cells were grown on glass cover slips in 12-well plates before fixed with 4% paraformaldehyde. Permeabi-

lized with 0.1% Triton X-100 for 15 min, and blocked with 10% normal goat serum for 1 hour. The coverslips

ll
OPEN ACCESS

20 iScience 26, 106639, May 19, 2023

iScience
Article



incubation with the primary antibody at a 1:100 dilution overnight at 4�C. FITC-or Alexa fluor-labeled anti-

rabbit or anti-mouse antibody was added to the incubation. The nuclei were stained with DAPI (Beyotime).

The samples were observed under ZEISS LSM 510 META confocal microscope (Carl Zeiss, Jena, Germany)

and all images were captured using a 633oil immersion objective (Plan-Apochromat 633/1.40 Oil

DIC M27).

Luciferase report assay

The c-Jun sequence was cloned into pcDNA3.1(+), and the conserved sequences of wild-IGFBP3 and Mut-

IGFBP3 promoters were cloned into GPL3-Basic vector. The luciferase assay was conducted using dual

luciferase reporter assay (Genepharma, Shanghai, China) according to the manufacturer’s instructions.

The promoter activity was calculated from the chemical luminescence intensity ratio of firefly.

Immunohistochemistry (IHC)

Histological sections of the tumor tissue were fixed in 10% neutral buffered formalin for IHC analysis. The

sections were incubated at 4�C overnight in a 1:100 dilution with primary antibodies anti-IGFBP3, -EGFRvIII

(#64952, RRID: AB_2773018), -Ki-67 (Cat No. 27309-1-AP; RRID: AB_2756525) and -CD31 (Cat No. 11265-1-

AP, RRID: AB_2299349), before being incubated with a biotin-labeled secondary antibody (1:100) for 1 h at

37�C, and finally stained with diaminobenzidine (DAB) and hematoxylin; the sections were then counter-

stained with hematoxylin and mounted. The images were captured with Olympus IX81 microscopy.

Conditioned medium (CM) preparation

The medium from 106 cells yielded 4 mL of primary CM, which was further de-salted and concentrated

80-fold by centrifugation (4000 3 g for 20 min at 4�C) using ultrafiltration units with a 10-kDa molecular

weight cutoff (Amicon Ultra-4; Millipore, Billerica, MA, USA), yielding 200 mL of concentrated CM.

Serum-free DMEM (de-salted and concentrated 80-fold) served as a vehicle control.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments in vitro were repeated at least three times. Statistical analysis was performed using the

SPSS 19.0 software, which was expressed as mean G standard deviation (SD). Student’s t-test was per-

formed to compare the means of values from different experiments, and ANOVA was used to investigate

the differences in multiple groups. Spearman’s rank correlation determined the association between

IGFBP3 protein and EGFRvIII protein. Overall survival rate was analyzed using the Kaplan–Meier plot

and tested via the log rank test. Differences were considered statistically significant at p < 0.05*,

p < 0.01**, p < 0.001***.
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