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1  |  INTRODUC TION

Glioblastoma (GBM) is the most devastating primary brain tumor 
with only 7.2% of patients surviving longer than 5 years.1 Genomic 
analysis of GBM has yielded a gene expression– based molecular clas-
sification and identified three different signatures termed proneural 
(PN), classical (CL), and mesenchymal (Mes),2- 4 and the mesenchy-
mal subtype is considered the most malignant one correlating with 
worse outcome and treatment resistance.2,5 To date, the molecular 
classification has been still suitable to define cancer cell states on 
the single- cell level.6,7 Despite cellular and genetic diversity in GBM, 
tumor cell states could be influenced by microenvironmental and 
therapeutic stimuli and exhibit plasticity. Malignant progression to 

mesenchymal signature is a commonly occurring process and could 
be induced by multiple factors, such as hypoxia, VEGF and radiation, 
and interactions between cancer cells and immune cells.2,7,8,9,10,11,12

YAP and TAZ, two cotranscriptional regulators in the hippo signal-
ing pathway, are highly activated in human malignancy.13,14 The up-
stream regulators of YAP/TAZ are LATS1/2, while downstream gene 
transcription is mediated through YAP/TAZ binding to the TEAD fam-
ily transcription factors (TEAD1- 4).13,15 YAP/TAZ are highly activated 
and correlate with reduced survival in GBM16,17 and also function as 
key regulators in malignant phenotypes including stemness, radiore-
sistance, and glucose addiction.18- 20 Noteworthy, TAZ is identified as 
one of the master regulators in mesenchymal GBM,16,21 and overex-
pression of TAZ promotes mesenchymal- like transition and correlates 
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Abstract
YAP/TAZ have been identified as master regulators in malignant phenotypes of glio-
blastoma (GBM); however, YAP/TAZ transcriptional disruptor in GBM treatment re-
mains ineffective. Whether post- transcriptional dysregulation of YAP/TAZ improves 
GBM outcome is currently unknown. Here, we report that insulin- like growth factor 
2 (IGF2) mRNA- binding protein 1 (IGF2BP1 or IMP1) is upregulated in mesenchy-
mal GBM compared with proneural GBM and correlates with worse patient outcome. 
Overexpression of IMP1 in proneural glioma stem- like cells (GSCs) promotes while 
IMP1 knockdown in mesenchymal GSCs attenuates tumorigenesis and mesenchy-
mal signatures. IMP1 binds to and stabilizes m6A- YAP mRNA, leading to activation 
of YAP/TAZ signaling, depending on its m6A recognition and binding domain. On the 
other hand, TAZ functions as enhancer for IMP1 expression. Collectively, our data 
reveal a feedforward loop between IMP1 and YAP/TAZ maintaining GBM/GSC tumo-
rigenesis and malignant progression and a promising molecular target in GBM.

K E Y W O R D S
glioblastoma, IMP1, malignant progression, YAP/TAZ pathway

www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0002-6265-0864
https://orcid.org/0000-0002-6904-0778
https://orcid.org/0000-0002-4746-035X
mailto:
https://orcid.org/0000-0002-3510-1376
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dz8981201@126.com


2054  |    YANG et al.

with aggressive tumors in mouse model,16 suggesting great therapeu-
tic potential in GBM.22 However, verteporfin, the only FDA- approved 
YAP/TAZ- TEAD interaction inhibitor, fails to show treatment efficacy 
because of low blood- brain barrier penetration. Modified form of 
verteporfin and other hippo pathway inhibitors are under investiga-
tion in the treatment of GBM and other malignancy.15,22

Insulin- like growth factor 2 (IGF2) mRNA- binding protein 1 
(IGF2BP1, also named IMP1) is a single- strand RNA- binding protein, 
composed of two RNA recognition motif (RRM) domains and four 
type I K homology (KH) domains.23 IMP1 is identified as an m6A read-
ers and promotes m6A- modified mRNAs’ stability and translation.24 
In multiple malignancy, IMP1 promotes cancer malignant character-
istics, including cancer stem cell maintenance, tumor growth, and 
metastasis.25,26 Little is known about the physiological role of IMP1 
in GBM. In the present study, we identified for the first time IMP1 
as one of the highly expressed RNA binding proteins (RBPs) in Mes 
GBM and glioma stem- like cells (GSCs). Further investigation proved 
that IMP1 forms a feedforward loop with YAP/TAZ and hence pro-
motes GBM/GSC tumorigenesis and malignant progression.

2  |  MATERIAL S AND METHODS

2.1  |  Human tissues, animal care and ethics

A total of 123 pathologically diagnosed glioma samples (n = 110) 
and nontumor tissue from resected brain epileptic tissues (n = 13) 
were collected from the First Affiliated Hospital of Xi'an Jiaotong 
University, and eight paired tumor and adjacent nontumor tissues 
were collected from the First Affiliated Hospital of Sun Yat- sen 
University, with written informed consent, respectively. The study 
was approved by the Clinical Research Ethics Committee with the 
approval No. 2021- 172. Four-  to six- week- old female BALB/c- nu 
mice were purchased from the Laboratory Animal Center of Sun Yat- 
sen University. All animal procedures were reviewed and approved 
by the Institutional Animal Care and Use Committee (IACUC) at Sun 
Yat- sen University in accordance with NIH and institutional guide-
lines, conforming to the provisions of the Declaration of Helsinki.

2.2  |  Actinomycin Dassay

Glioma stem- like cells were equally seeded (5 × 104 cells per well) 
for at least 12 hours prior to actinomycin D treatment. After 2 μg/ml 
actinomycin D (HY- 17559, MedChem Express) treatment at the indi-
cated time points (0, 2, 4, 6, and 8 hours), the cells were harvested 
for RNA isolation. The relative YAP mRNA was analyzed by RT- PCR 
and normalized to the values measured in the 0 h group.

2.3  |  ChIP- PCR assay

Chromatin immunoprecipitation (ChIP) assays were performed 
using a One Step ChIP Kit (Abcam, #ab117138) according to the 

manufacturer's instructions. Cell lysates were incubated with 2 μg 
of anti- FLAG antibody (#F1804, 1:1000, Sigma- Aldrich), mouse IgG, 
and anti- RNA polymerase II (#ab264350, Abcam, used as positive 
control). The resultant DNA was subjected to Northern blotting for 
further analysis. Primers are listed in Table S1.

2.4  |  RNA immunoprecipitation (RIP)

RNA RIP was performed as previously described.27 Briefly, after wash-
ing with ice- cold PBS, 1 × 107, cells were resuspended in 400 μl ice- cold 
PEB buffer (20 mM Tris HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2, RNase 
inhibitor, and protein inhibitor) and incubated for 10 minutes on ice. 
Then, 1000 μg of precleared protein lysate was incubated with 50 μl of 
IMP1 antibody (#22803- 1- AP, Proteintech) or FLAG antibody (F1804, 
Sigma- Aldrich) cross- linked protein A agarose beads for 1 hour at 4°C. 
Immunoprecipitated RBP- RNA complexes were washed five times 
with ice- cold NT2 buffer (50 mM Tris HCl, pH 7.5, 150 mM NaCl, 1 mM 
MgCl2, 0.05% Nonidet P- 40). Coprecipitated RNAs were recovered 
with Trizol- chloroform and analyzed simultaneously by RT- PCR.

2.5  |  Xenograft models

Glioma stem- like cells were implanted intracranially using a ste-
reotactic instrument in 4-  to 6- week- old female Nu/nu mice. Each 
mouse was randomly assigned and injected with 50,000 GSC cells 
in 5 μl PBS according to the experiment design. A minimum of six 
mice were used in each group. Mice were sacrificed at indicated 
time points, and brains were fixed in formalin and subjected to H&E 
and immunohistochemistry (IHC) staining. For the survival analysis, 
mice were monitored until they developed neurologic symptoms 
such as seizures, ataxia, lethargy, and inability to feed, or 100 days 
post implantation. The overall survival curves were calculated with 
the Kaplan- Meier method and compared by the log- rank test.

2.6  |  Statistical analysis

Statistical tests were conducted using GraphPad Prism (Version 
8) unless otherwise indicated. The data are presented as the 
mean ± standard deviation (SD) from three independent experi-
ments. For the comparison of parametric data, two- tailed Student's t 
tests or one- way ANOVA were used. Survival curves were assessed 
with the Kaplan- Meier method and compared by the log- rank test. 
The cutoff values of IMP1 expression level in public datasets were 
analyzed by R reprogramming (version 4.1.0) with survminer package. 
The correlations between expression level of IMP1 and TAZ or YAP 
were calculated by Pearson correlation analysis. The statistical sig-
nificance as P values is indicated in the figures: *p < 0.05; **p < 0.001; 
***p < 0.0001; ns, not significant. For all experiments, analyses were 
done in biological triplicates. No animals or data points were ex-
cluded from the analyses for any reason. Statistical analyses for the 
RNA- seq data are described in the respective sections.



    |  2055YANG et al.

3  |  RESULTS

3.1  |  IMP1 is upregulated in Mes GBM and 
correlates with worse survival

We first sought to examine IMP1 mRNA expression in public glioma 
datasets, such as TCGA, Chinese Glioma Genome Atlas (CGGA), 

Bao dataset, and Gill dataset, and found that IMP1 mRNA level was 
the highest in grade IV glioma compared with grade II and III glioma 
(Figure 1A). We further analyzed the expression of IMP1 mRNA 
among molecular subtypes of GBM and identified that IMP1 was 
more highly expressed in Mes GBM than in PN GBM, CL GBM, or 
nontumor (NT) tissue in multiple datasets (Figure 1B). Kaplan- Meier 
survival analysis demonstrated higher IMP1 mRNA level correlating 

F I G U R E  1  IMP1 is highly expressed in glioblastoma (GBM) and correlated with short overall survival. (A) Histograms of IMP1 mRNA 
expression among WHO II, III, and IV glioma across TCGA and CGGA dataset. Data represent mean ± SD (B) Histograms of IMP1 mRNA 
expression among GBM subtypes and nontumor tissues across TCGA, Bao dataset, and Gill dataset. Data represent mean ± SD (C) Kaplan- 
Meier survival curve of IMP1 high vs. IMP1 low in GBM patients from TCGA and CGGA datasets; the log- rank P value is p = 0.089, and 
p = 0.0162, respectively. (D) Representative immunohistochemistry (IHC) images for IMP1 expression in formalin- fixed paraffin- embedding 
(FFPE) human glioma tissues and nontumor tissues in our cohort of tissue bank. Scale bar represents 20 μm. (E) Histogram of IMP1 IHC score 
in nontumor tissues and glioma in our cohort of tissue bank. nnontumor = 13, nWHO II = 54, nWHO III = 19, nGBM = 37. Data represent mean ± SD. 
(F) Kaplan- Meier curve of IMP1 low (IHC score < 6, n = 39) vs. IMP1 high (IHC score ≥ 6, n = 19) in our cohort of high- grade glioma (WHO 
III and GBM) patients. Log- rank p = 0.0067. (G) Western blotting analysis to evaluate basal expression of IMP1 in normal human astrocyte 
(NHA) and well- characterized glioma stem- like cells (GSCs). GAPDH is used as internal control. Quantitative data of the described band are 
presented below the described band
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with short overall survival in GBM (Figure 1C). Consistently, both 
protein and mRNA levels of IMP1 were observed higher in GBM 
than in WHO II, III glioma or nontumor tissue (Figure 1D,E) in our 
cohort of glioma samples. Furthermore, higher IMP1 expression was 
verified in GBM tumors than in paired adjacent nontumor tissues 
by Western blotting (Figure S1A). Survival analysis of our cohort 
of high- grade (WHO III and IV) glioma patients proved that higher 
IMP1 score (≥6) correlated with worse outcome (Figure 1F). We next 
tested basal IMP1 protein level in several well- characterized Mes 
GSCs and PN GSCs,5,28 and the results showed IMP1 was higher in 
Mes GSCs than in PN GSCs (Figure 1G, Figure S1B). These results 
imply that IMP1 is upregulated in high- grade glioma, Mes GBM, and 

Mes GSCs compared with their counterparts, respectively, correlat-
ing with worse outcome in high- grade glioma.

3.2  |  IMP1 promotes stemness, sphere 
formation, and tumorigenicity of GSCs

To investigate the physiological role of IMP1, we infected Mes 
GSCs with two independent short hairpin RNAs of IMP1 (shIMP1) 
lentiviral vectors. Both the mRNA (Figure 2A) and protein levels 
(Figure 2B) were well downregulated by shIMP1 in Mes28 and 456. 
Significant reduction of proliferation rate (Figure 2C) and stem cell 

F I G U R E  2  Inhibition of IMP1 suppresses proliferation, sphere formation, and stemness of mesenchymal glioblastoma (GBM). (A) RT- PCR 
analysis for IMP1 in Mes28 and 456 infected with shNT, sh#2, or sh#3 targeting independent regions of the IMP1 lentiviral vectors. n = 3 
independent experiments; data represent mean ± SD. (B) Western blotting analysis for IMP1 in Mes28 and 456 infected with indicated 
shIMP1 lentivirus. Tubulin is used as internal control. Quantitative data of the described band are presented below the described band. (C) 
Proliferation assay of Mes28 and 456 infected with indicated shIMP1 lentivirus. n = 3 independent experiments; data represent mean ± SD. 
(D) Limiting dilution assay of Mes28 and 456 infected with indicated shIMP1 lentivirus after 5- 7 d of cell seeding. n = 3 independent 
experiments; data represent mean ± SD. (E) Representative images (left) and histogram (right) of EdU incorporation analysis. Mes28 and 456 
infected with indicated shIMP1 lentivirus after 24 h of cell seeding. n = 3 independent experiments; data represent mean ± SD
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frequency (Figure 2D) were observed in IMP1- silenced Mes GSCs, as 
well as sphere formation (Figure S2A,B). In addition, the proportion 
of EdU- incorporated cells was decreased in shIMP1- infected GSCs 
(Figure 2E).

On the other hand, we sought to validated the above observation 
by overexpression of IMP1 in PN GSCs. Regarding that the KH3- 4 
di- domain is indispensable for m6A recognition and binding function 
of IMP1,24 wild- type (WT) IMP1, KH1- 2 mutants (with the KH3- 4 di- 
domain truncated), and KH3- 4 mutants (with the KH1- 2 di- domain 
truncated) were overexpressed in 23 (Figure 3A,B). The prolifera-
tion rate and stem cell frequency were increased in WT and KH3- 
4– overexpressed cells compared with vector and KH1- 2 assayed by 
CCK8 and limited dilution assay, respectively (Figure 3C,D). Sphere 
formation and EdU incorporation were enhanced by overexpression 
of IMP1 and KH3- 4 mutant (Figure 3E, Figure S2C,D).

We next sought to verify the physiological function of IMP1, in 
vivo, by intracranial mouse models generated with IMP1- depleted or 
- overexpressed GSCs. Diminished tumor growth and reduced me-
dian survival were observed in mice implanted with shIMP1 GSCs 
(Figure 4A- D). On the contrary, IMP1 overexpression enhanced in 
vivo tumor growth and shortened survival of mice (Figure 4E,F). Of 
note, the wild type of IMP1 showed the most significant impact, fol-
lowed by KH3- 4 mutant, and less effect was also found in KH1- 2 

mutant (Figure 4E,F). These data indicate that IMP1 is functionally 
required for GSC property and tumorigenesis, in vivo and in vitro, 
which depends on the function of m6A recognition and binding.

3.3  |  IMP1 is required for the mesenchymal 
signatures of GSCs

Mesenchymal subtype, the most malignant phenotype, is linked to 
hyperactivation of specific markers and signaling pathways, such as 
the Hippo pathway.5,10,16,29 Therefore, we asked if IMP1 impacted 
mesenchymal signature. IMP1 inhibition markedly attenuated the 
expression of Mes markers, CD44, YKL40, and VIM,5,28 in Mes GSCs 
(Figure 5A), while IMP1 and its mutant resulted in higher expres-
sion of CD44, YKL40, and VIM in PN GSC (Figure S3A). Moreover, 
YAP and its downstream targets (CYR61, ANKRD1, and CTGF) were 
decreased in IMP1- depleted Mes GSCs (Figure 5B, Figure S3B,D) 
whereas increased in IMP1- overexpressed PN GSCs (Figure 5C, 
Figure S3C,E).

Weaker staining of CD44 and YAP and enhanced staining of 
β- III- tubulin, a neuron- specific marker, were found in xenograft 
tumors generated from shIMP1- infected 456 cells (Figure 5D and 
Figure S3F). On the contrary, stronger CD44 and YAP and weaker 

F I G U R E  3  Overexpression in IMP1 and its mutant promotes proliferation, sphere formation, and stemness of proneural glioblastoma 
(GBM). (A) RT- PCR analysis for IMP1 in 23 overexpressed with IMP1 WT, KH1- 2 mutant, and KH3- 4 mutant. n = 3 independent 
experiments; data represent mean ± SD. (B) Western blotting analysis for IMP1 in 23 overexpressed with indicated form of IMP1. FLAG is 
used as exogenous tag; tubulin is used as internal control. (C) Proliferation assay of 23 overexpressed with indicated form of IMP1. n = 3 
independent experiments; data represent mean ± SD. (D) Limiting dilution assay of 23 overexpressed with indicated form of IMP1. n = 3 
independent experiments; data represent mean ± SD. (E) Representative images (left) and histogram (right) of EdU incorporation analysis in 
23 overexpressed with indicated form of IMP1. n = 3 independent experiments; data represent mean ± SD
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β- III- tubulin staining were found in xenograft tumors generated 
from IMP1- overexpressed 23 cells (Figure 5E and Figure S3G). 
Remarkably, the impact on mesenchymal signatures was signifi-
cantly attenuated in KH1- 2, the KH3- 4 di- domain– depleted mutants 
(Figure 5E, Figure S3A,E,G). Collectively, these results suggest that 
IMP1 promotes GBM malignant progression, in vitro and in vivo, de-
pending on its m6A recognition and binding function.

3.4  |  IMP1 activates the Hippo signaling 
pathway via binding, stabilizing, and enhancing the 
translation of YAP mRNA

Given the correlation between IMP1 expression and Hippo path-
way activation (Figure 5B- E, and Figure S3B- E), we next wanted to 
explore how IMP1 activates the Hippo signaling pathway. We first 
treated GSCs with actinomycin D to evaluate YAP mRNA stabil-
ity. The decay rates of YAP mRNA were higher in IMP1- depleted 
GSCs and lower in IMP1- overexpressed GSCs (Figure 5F,G), respec-
tively. We next explored if IMP1 binds to YAP mRNA by RNA RIP. 
Enrichment of YAP and c- Myc (used as positive control) by FLAG RIP 
was found in WT IMP1–  and KH3- 4 mutant– overexpressed GSCs 
(Figure 5H and Figure S4A), suggesting the binding of IMP1 on YAP 

and c- Myc mRNA. The binding was confirmed by endogenous IMP1 
RIP (Figure S4B,C). Furthermore, m6A- meRIP showed that the level 
of m6A- modified YAP was decreased in shIMP1- infected GSCs and 
increased in WT IMP1–  and KH3- 4 mutant– overexpressed GSCs 
(Figure 5I,J), respectively. Taken together, IMP1 recognizes and 
binds to m6A- modified YAP mRNA, inducing its stabilization and 
translation, and thus activates Hippo signaling.

3.5  |  TAZ functions as an enhancer for IMP1 
transcription

Considering the higher expression of IMP1, TAZ, and YAP in high- 
grade glioma (Figure 1E, Figure S5A,B), we next examined the cor-
relation between IMP1 and YAP/TAZ in human high- grade glioma 
samples. We detected a moderate correlation between IMP1 and 
TAZ (r = 0.4543, p < 0.0001) and weak correlation between IMP1 
and YAP (r = 0.3926, p < 0.0001; Figure 6A,B, and Figure S5C). 
Previous studies reported a positive feedback loop between IMP1 
and c- Myc, in which IMP1 binds to and stabilizes c- Myc mRNA and 
enhances its translation,30 while c- Myc transcriptionally regulates 
IMP1 expression.31 Also, the transcriptional feedforward loop be-
tween YAP and c- Myc was widely studied and well established.32 

F I G U R E  4  IMP1 expression correlates with tumor growth in vivo and mouse survival. (A, C and E) Representative H&E staining of mouse 
brains harvested on day 32 (Mes28, A) or day 34 (456, C) after implantation of mesenchymal (Mes) glioma stem- like cells (GSCs) expressing 
shNT, sh#2 or sh#3, and on day 40 (23, E) after implantation of GSCs expressing vector, WT, KH1- 2, or KH3- 4. Scale bars represent 2 mm. 
(B, D and F) Kaplan- Meier survival curves of mice intracranially transplanted with Mes28 (B), 456 (D), or 23 (F) GSCs that were infected with 
indicated lentiviral vectors (n = 5)
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F I G U R E  5  IMP1 activates the Hippo signaling pathway via binding, stabilizing, and enhancing translation of YAP mRNA. (A) RT- PCR 
analysis for mesenchymal markers, CD44, YKL40, and VIM, in Mes28 and 456 infected with shNT- , sh#2- , or sh#3- targeting IMP1 lentiviral 
vectors. n = 3 independent experiments; data represent mean ± SD. (B) Western blotting analysis for YAP in Mes28 and 456 infected 
with indicated shRNA lentivirus. Tubulin is used as internal control. Quantitative data of the described band are presented below the 
described band. (C) Western blotting analysis for YAP in 23 overexpressed with indicated form of IMP1. Tubulin is used as internal control. 
Quantitative data of the described band are presented below the described band. (D) Representative immunohistochemistry (IHC) images 
for CD44 and YAP in shNT- , sh#2- , or sh#3- infected 456- derived tumors. Scale bar represents 20 μm. (E) Representative IHC images for 
CD44 and YAP in vector, WT- , KH1- 2– , and KH3- 4– overexpressed 23- derived tumors. Scale bar represents 20 μm. (F) RT- PCR analysis for 
YAP mRNA decay rate of Mes28 and 456 infected with shNT, sh#2, or sh#3 virus after actinomycin D treatment for the indicated time. 
n = 3 independent experiments; data represent mean ± SD. (G) RT- PCR analysis for YAP mRNA decay rate of Mes28 and 456 infected with 
vector, WT, KH1- 2, or KH3- 4 virus after actinomycin D treatment for the indicated time. n = 3 independent experiments; data represent 
mean ± SD. (H) Histogram of FLAG RNA immunoprecipitation (RIP) coupled with RT- PCR assay for YAP mRNA enrichment in 23 infected 
with indicated overexpression vectors. n = 3 independent experiments; IgG is used as negative control. (I) Histogram of methylated (m6A) 
RNA immunoprecipitation (MeRIP) coupled with RT- PCR assay for YAP mRNA enrichment in Mes28 and 456 infected with indicated 
shRNA lentiviral vectors. n = 3 independent experiments; IgG is used as negative control. (J) Histogram of methylated (m6A) RNA 
immunoprecipitation (MeRIP) coupled with RT- PCR assay for YAP m6A mRNA enrichment in 23 infected with indicated overexpression 
vectors. n = 3 independent experiments; IgG is used as negative control
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These prompted us to check if YAP/TAZ could regulate IMP1 tran-
scription. Considering the stronger correlation between TAZ and 
IMP1, we overexpressed TAZ in PN GSCs (GSC11 and 23), and 
verified that TAZ promotes the mRNA and protein levels of IMP1 
(Figure 6C,D). Zanconato et al.33 revealed that more than 90% of 
YAP/TAZ- bound elements correspond to enhancer elements for 
transcriptional regulation. ChIP- PCR verified TAZ binding to the 
enhancer of IMP1 (Figure 6E), confirming the binding of YAP/TAZ 
to the distant enhancer element of IMP1.33 These data reveal that 
YAP/TAZ function as enhancer of IMP1 expression.

4  |  DISCUSSION

Intratumoral heterogeneity and plasticity in GBM are considered to 
be the main causes for tumor progression and therapeutic resist-
ance.7,34,35 The present study suggests a feedback loop between 
IMP1 and YAP/TAZ signaling regulating GSC characteristics, tumori-
genicity, and malignant progression in GBM.

We firstly demonstrate that IMP1 is upregulated in mesen-
chymal GBM and GSCs, and its higher expression correlates with 
short patient survival. Overexpression of IMP1 in PN GSC promotes 
while IMP1 knockdown in Mes GSCs attenuates tumorigenesis and 
malignant progression. Noteworthily, both WT KH3- 4 and mutant 
KH3- 4 show comparable physiological effect; however, KH1- 2 

mutant shows less impact. This evidence suggests that the physio-
logical function of IMP1 largely depends on its m6A recognition and 
binding function (Figure 3- 5, Figures S2 and S3). We confirm that 
IMP1 mechanically binds to m6A- modified YAP mRNA, enhancing its 
translation, and hence induces Hippo pathway activation (Figure 5, 
Figures S3 and S4).

Except the binding and stabilization of IMP1 to YAP, we also 
prove TAZ functions as enhancer of IMP1, suggesting a feedforward 
loop between YAP/TAZ and IMP1. In the literature, positive feed-
back loops between IMP1 and c- Myc30,31 and between YAP and c- 
Myc32 are well established. Therefore, our data and previous reports 
strongly suggest a feedback loop between IMP1, c- Myc, and YAP/
TAZ (Figure 6F). Mahapatra and colleagues identified the first IMP1 
inhibitor, BTYNB, which could inhibit IMP1 binding to a specific 
high- affinity binding site of target mRNA, including c- Myc, β- TrCP1, 
and E2F.36,37 In the present study, BTYNB also inhibits the binding 
of IMP1 to YAP mRNA and hence suppresses YAP activation in GSCs 
(Figure S5D- F). The antitumor efficacy of BTYNB was verified in a 
mouse model in an IMP1- dependent way.37 With the new first- in- 
class c- Myc inhibitor being put into clinical assessment in 2021,38 
the combinational strategy targeting the IMP1- c- Myc- YAP/TAZ 
feedback loop in cancer including GBM seems prospective; how-
ever, it needs further investigation.

In conclusion, this study elicits a critical role of the IMP1- YAP/
TAZ feedback loop in tumorigenesis and malignant progression and 

F I G U R E  6  TAZ functions as an enhancer for IMP1 transcription. (A) Representative immunohistochemistry (IHC) images for IMP1, TAZ, 
or YAP in human high- grade glioma samples. Scale bar represents 20 μm. (B) Scatter plot of correlation between expression levels of TAZ and 
those of IMP1in high- grade glioma samples; n = 56, r = 0.4543, p < 0.0001. (C) RT- PCR analysis of IMP1 expression in vector-  and FLAG- 
TAZ– overexpressed GSC11 and 23. n = 3 independent experiments; data represent mean ± SD. (D) Western blotting analysis for TAZ and 
IMP1 in vector-  and FLAG- TAZ– overexpressed GSC11 and 23. GAPDH and tubulin are used as internal control. Quantitative data of the 
described band are presented below the described band. (E) Northern blotting analysis of enrichment of IMP1 enhancer DNA in vector-  and 
FLAG- TAZ– overexpressed GSC11 and 23. n = 3 independent experiments; representative images from one experiment. Poly (polymerase) is 
used as positive control. (F) Feedforward loop between YAP/TAZ, c- Myc, and IMP1. Related to the present study, YAP/TAZ enhances IMP1 
expression, while IMP1 binds to and stabilizes YAP. The feedback loop regulates stemness, tumorigenicity, and mesenchymal- like state of 
GSCs in glioblastoma (GBM)
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suggests IMP1 as an attractive target for the treatment of aggres-
sive GBM. Also, our findings reveal a nontranscriptional regulation 
of YAP/TAZ signaling in GBM. Given the characteristics of a feedfor-
ward loop between IMP1, YAP/TAZ, and c- Myc, our data also pro-
vide a potential therapeutic intervention of combinational inhibition 
in GBM treatment.
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