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Abstract 

The Hippo / YAP1 signaling pathway regulates normal development by controlling contact inhibition of growth. In cancer, YAP1 activation is 
often dysregulated, leading to excessive tumor growth and met ast asis. SRC kinase can cross talk to Hippo signaling by disrupting adherens 
junctions, repressing the Hippo cascade, or activating YAP1 to promote proliferation. Here, we demonstrate that the IGF2 messenger RNA- 
binding protein 1 (IGF2BP1) impedes the repression of YAP1 by Hippo signaling in carcinomas. IGF2BP1 stabilizes the YAP1 messenger RNA 

(mRNA) and enhances YAP1 protein synthesis through an m 

6 A-dependent interaction with the 3 ′ untranslated region of the YAP1 mRNA, 
thereby increasing YAP1 / TAZ-driven transcription to bypass contact inhibition of tumor cell growth. Inhibiting IGF2BP1–mRNA binding using 
BTYNB reduces YAP1 le v els and transcriptional activity, leading to significant growth inhibition in carcinoma cells and o v arian cancer organoids. 
In contrast, SRC inhibition with Saracatinib fails to inhibit YAP1 / TAZ-driven transcription and cell growth in general. This is particularly significant in 
de-differentiated, rather mesenchymal carcinoma-derived cells, which exhibit high IGF2BP1 and YAP1 expression, rendering them less reliant on 
SR C-directed gro wth stimulation. In such in v asiv e carcinoma models, the combined inhibition of SR C, IGF2BP1, and YAP1 / TAZ pro v ed superior 
o v er monotherapies. T hese findings highlight the therapeutic potential of targeting IGF2BP1, a k e y regulator of oncogenic transcription netw orks. 
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Introduction 

Epithelial ovarian carcinoma (EOC) remains the second most
common but most devastating gynecological malignancy in
women, with 5-year survival rates of ∼30% for women diag-
nosed with an invasive disease [ 1 , 2 ]. The ovary is a highly
dynamic tissue that undergoes extensive remodeling during
each reproductive cycle, a process primarily regulated by en-
docrine signaling and various intracellular signaling path-
ways that control follicle development growth, and fate [ 3 ].
One key pathway in normal follicle development—and fre-
quently deregulated in gynecological malignancies, particu-
larly EOC—is the Hippo signaling pathway [ 3 , 4 ]. This in-
tracellular signaling cascade involves a series of protein ki-
nases, which limit the activity of the transcriptional regula-
tors YAP1 and TAZ (WWTR1). These regulators promote the
expression of proliferation-related genes in conjunction with
TEAD transcription factors [ 3 ]. Accordingly, Hippo signaling
plays a critical role in controlling organ size and maintain-
ing tissue homeostasis. Although lacking dedicated upstream
receptors, the Hippo pathway integrates a variety of guid-
ance cues resulting in the protein kinase dependent restriction
of Y AP1 / T AZ-driven gene synthesis. This inhibitory signal-
ing relies on retaining Y AP1 / T AZ in the cytoplasm, due to
partial association with cytoskeletal proteins like CTNNA1
( α-catenin) in E-cadherin-positive adherens junctions (AJs) [ 5 ]
and multifunctional 14-3-3 proteins [ 6 , 7 ], as well as promot-
ing Y AP1 / T AZ protein decay. The deregulation of Y AP1 / T AZ
activity in cancer is linked to aggressive tumor growth due
to the loss of contact inhibition [ 5 ], the promotion of can-
cer stem-cell-like properties, enhanced immune evasion, stim-
ulated angiogenesis, and ultimately metastasis [ 8 , 9 ]. Con-
sequently, considerable efforts aim at developing therapeu-
tic strategies to impair Y AP1 / T AZ signaling in cancer. These
include approaches to impair the transcriptional activity of
Y AP1 / T AZ by elevating cytoplasmic retention and protein de-
cay via 14-3-3 proteins and / or p62, the proposed mechanisms
of Verteporfin [ 10 , 11 ]. More recently, therapeutic efforts have
focused on disrupting the interaction between Y AP1 / T AZ and
TEADs, serving as transcriptional co-factors in activating gene
synthesis. The discovery of TEAD autopalmitoylation has fur-
ther stimulated interest in targeting this post-translational
modification, as it regulates TEAD activity, subcellular local-
ization, and stability [ 12 ]. 

Consistent with the upregulation of YAP1 in various, if not
most, malignancies, post-transcriptional downregulation of
YAP1 by tumor-suppressive microRNAs (miRNAs) has been
reported. One key conserved mechanism antagonizing exces-
sive YAP1 abundance in cancer cells involves miRs-15 / 16-5p,
which impair tumor growth and invasion by downregulat-
ing YAP1 [ 13 ]. In glioma, recent studies have proposed that
the opposite, an enhancement of YAP1 abundance, is stim-
ulated by the oncofetal IGF2 messenger RNA-binding pro-
tein 1 (IGF2BP1) [ 14 ]. The IGF2BP1 is a conserved oncogene
upregulated in advanced, high-risk diseases [ 15 , 16 ], where it
promotes the expression of various tumorigenic factors such
as MYC and MYCN [ 17–19 ], by preventing the decay of
their respective messenger RNAs (mRNAs) [ 20 , 21 ]. A pri-
mary function of IGF2BPs in cancer is to impede mRNA si-
lencing by miRNAs, either through sequestering target tran-
scripts in dormant IGF2BP-associated mRNPs or by directly
shielding miRNA-targeting sites [ 22–25 ]. Recent studies have
shown that this mRNA-stabilizing role of IGF2BP1 is en-
hanced by METTL3-directed m 

6 A modifications, which in- 
crease IGF2BP1’s association with various target mRNAs,
such as MYC and E2F1-3, thereby promoting the expression 

of these oncogenic drivers [ 18 , 25–27 ]. In EOC and other 
malignancies, IGF2BP1 has been shown to foster prolifera- 
tion, epithelial–mesenchymal transition (EMT), invasive po- 
tential, and metastasis by enhancing stem-cell-like properties 
[ 19 , 24 , 28–30 ]. Importantly, the discovery of BTYNB, a small 
molecule that disrupts IGF2BP1–RNA interactions [ 31 ], has 
demonstrated that IGF2BP1 is a druggable oncogene. The 
therapeutic potential of targeting IGF2BP1 in cancer has since 
been validated in various carcinoma and neuroblastoma mod- 
els [ 17 , 26 , 32 , 33 ], spurring the development of additional 
small-molecule inhibitors [ 34–36 ]. 

Although most of IGF2BP1’s oncogenic roles involve the 
stabilization of target mRNAs, recent studies in EOC mod- 
els have uncovered an unexpected function of IGF2BP1, the 
ligand-binding-induced activation of SRC kinase. This acti- 
vation occurs in an RNA-independent manner, as IGF2BP1 

binding to the SH3 domain of SRC promotes autoactivation 

of the kinase. SRC activation by IGF2BP1 promotes AJ dis- 
assembly, EMT, and tumor cell invasion [ 37 ]. Notably, SRC 

family kinases can interfere with Hippo signaling through 

multiple mechanisms: (i) by promoting the disassembly of 
AJs to overcome contact inhibition of growth; (ii) by limiting 
LATS1 activity to activate YAP1; and (iii) by phosphorylating 
YES1 to promote its transcriptional activity [ 38 ]. SRC inhi- 
bition (SRCi) by Saracatinib effectively countered IGF2BP1- 
driven invasion but was less effective in suppressing spheroid 

growth [ 37 ]. Moreover, phase II studies across various can- 
cer types, including platinum-resistant EOC (NCT01196741),
demonstrated limited therapeutic efficacy of Saracatinib as 
a monotherapy [ 39–41 ]. The resistance to Saracatinib was 
linked to the activation of pro-proliferative pathways [ 42 ]. 

Building on the evidence of IGF2BP1-stimulated YAP1 ex- 
pression in glioma [ 14 ] and SRC-driven increases in YAP1 ac- 
tivity [ 43 ], we hypothesized that IGF2BP1 serves as a drug- 
gable enhancer of Y AP1 / T AZ-driven progression in EOC and 

impacts the efficacy of SRC-targeted therapies. Supporting this 
hypothesis, we demonstrate that IGF2BP1 enhances YAP1 

levels in EOC and other carcinomas through a highly con- 
served mechanism. This enhancement relies on the 3 

′ un- 
translated region (3 

′ UTR)-mediated stabilization of YAP1 

mRNA by IGF2BP1, which is fostered by METTL3-driven 

m 

6 A modifications. Consistently, disrupting IGF2BP1–RNA 

interactions with BTYNB suppresses IGF2BP1-induced YAP1 

expression and inhibits the invasive growth of EOC tumor 
cells and organoids. In contrast, SRCi with Saracatinib only 
showed limited and less conserved efficacy on YAP1-driven 

tumor growth in carcinoma models, but effectively impair- 
ing invasion. Combining SRCi with broadly growth-inhibitory 
compounds such as Verteporfin or BTYNB significantly en- 
hances efficacy in YAP1-driven cancer cells and EOC-derived 

organoids, enabling an up to 10-fold reduction in effective 
dosage of each compound. 

Materials and methods 

Cell culture, transfection, and transduction 

ES-2 ( RRID: CVCL_3509), A549 ( RRID: CVCL_0023),
SAS ( RRID: CVCL_1675), HUH-7 ( RRID: CVCL_0336),
PANC-1 ( RRID: CVCL_0480), HEK293T / 17 (ATCC,

https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
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RID: CVCL_1926), HEK293T / R-Spondin-1 ( RRID:
VCL_RU09), and L-Wnt-3A ( RRID: CVCL_0635) cells
ere cultured in Dulbecco’s modified Eagle’s medium

DMEM) supplemented with 10% fetal bovine serum and 1%
lutaMax at 37 

◦C in 5% CO 2 . For HEK293T / R-Spondin-1,
ulture medium was additionally supplemented with 300
g / ml Zeocin (Thermo Fisher), L-Wnt-3A were cultured un-
er G418 selection (400 μg / ml; Thermo Fisher). To produce
-Spondin-1 or Wnt-3A pre-conditioned medium, cells were
rown in Advanced DMEM / F-12 supplemented with 1%
EPES, 1% GlutaMax, and 1% Penicillin / Streptomycin for

8 h (all Thermo Fisher). 
Transfection of cells with DNA or short interfering RNAs

siRNAs) was carried out using Lipofectamine 3000 or Lipo-
ectamine RNAiMAX (Thermo Fisher Scientific) according to
he manufacturer’s instructions. For luciferase reporter assays,
 × 10 

5 cells were transfected with Lipofectamine 3000 and
ither pmirGLO or NanoLuc ® plasmids. For genomic dele-
ions via CRISPR / Cas9, 5 × 10 

5 cells were transfected with
ipofectamine 3000, Cas9-, and single guide RNA (sgRNA)-
ncoding plasmids (see “CRISPR / Cas9” section). For gene-
pecific depletion using siRNAs, 8 × 10 

5 cells were transfected
ith 9 μl Lipofectamine RNAiMAX and 15 nM siRNAs. 
For the production of lentiviral particles, 3.5 × 10 

6 

EK293T / 17 cells were transfected with Lipofectamine 3000
long with the packaging plasmids psPax2 (Addgene: Plas-
id #12260), pMD2.G (Addgene: Plasmid #12259), and

he lentiviral expression pLVX (GFP, IGF2BP1, or IGF2BP1-
Hmut), or pHAGE (EV or YAP1) using 15 μl Lipofectamine
000. Lentiviral particle-containing supernatants were col-
ected 24 and 48 h post-transfection of HEK293T / 17 cells.
iters were assessed 48 h post-infection of HEK293T / 17 cells
y flow cytometry using a MACSQuantX Analyzer (Miltenyi
iotec). Lentiviral transduction for downstream experiments
as performed at a multiplicity of infection of 10. Plasmids

nd siRNAs used are summarized in Supplementary Table S1 .
The inhibitors BTYNB (Cayman Chemical, #CAY25623),

aracatinib (Selleckchem, #S1006), and Verteporfin (Sell-
ckchem, #S1786) were used at the indicated concentrations.
or RNA decay analyses, cells were treated with 5 μM Acti-
omycin D (Sigma–Aldrich) for the indicated timepoints. 

rganoid culture 

n this study, we included an organoid derived from a patient
ample diagnosed with undifferentiated high-grade serous
varian carcinoma (stage IVa) at the age of 57. Ethical ap-
roval was obtained from the Ethics Committee of the Med-
cal Faculty of Martin Luther University Halle-Wittenberg
208 / 17.06.09 / 12), and written informed consent was pro-
ided by the patient. The tumor tissue was minced and dissoci-
ted using the human tumor dissociation kit (Miltenyi Biotec)
nd subsequently filtered through a 100- μm cell strainer. Cells
ere embedded in 50–100 μl Matrigel ® (Corning) domes and

ultured with weekly passaging in organoid medium (Ad-
anced DMEM / F-15 supplemented with 10% R-Spondin1-
nd 10% Wnt-3A-pre-conditioned medium, 1% HEPES, 1%
lutaMax, 1% Penicillin / Streptomycin, 1 × B27 supplement,
 × N-2 supplement, 10 mM Nicotinamide, 1.25 mM N-
cetyl-cysteine, 10 μM Forskolin, 10 ng / ml FGF-10, 10 ng / ml
oggin, 5 ng / ml EGF, 5 μM Y27632, 500 nM SB431542,
00 nM Hydrocortisone, 100 nM Estradiol, 0.2% Primocin).
ssays were conducted between passages 5 and 10. For ex-
perimental assays, cells were harvested in ice-cold organoid
medium, centrifuged at 300 × g for 5 min at 4 

◦C, and seeded
in 5 μl Matrigel ® domes per 96-well plate. Organoids were
cultured for 48 h before treatment with the indicated com-
pounds at respective concentrations. Organoid growth was
monitored over 72 h using an Incucyte S3 system (Sarto-
rius) equipped with the organoid analysis module. Growth
rates were determined by normalizing the segmented organoid
area to the starting point of compound treatment. For all treat-
ments, biological triplicates were analyzed. 

Cell proliferation, spheroid invasion, and 

compound treatments 

Analyses of 2D cell proliferation and 3D spheroid invasion
assays were performed as recently described [ 37 ]. For 2D pro-
liferation, cells were seeded at indicated densities and cell vi-
ability was determined by Cell-Titer-Glo 

® assay (Promega)
for indicated timepoints. Average growth rate per day was
determined according to the following formula: GR = ln
( X t / X 0 ) / �t with GR accounting for the average growth rate,
X for the cell number, and t for the growth time in days.
Doubling times (in hours) were calculated by DT = 24 / GR ,
where DT denotes doubling time. For compound treatments,
2 × 10 

3 cells were seeded per well in 96-well plates (TPP)
24 h before treatment with compounds at the indicated con-
centrations for 72 h. Cell proliferation was analyzed 3-days
post-seeding using bright-field microscopy with an Incucyte ®

S3 (Sartorius). Cell growth and viability were assessed using
the AI Cell Health software module (Sartorius) and validated
with the Cell-Titer-Glo 

® assay (Promega). EC 50 values were
determined using GraphPad Prism with four-parameter dose-
response fitting. For the analysis of synergy among BTYNB,
Saracatinib, and Verteporfin, the viability of ES-2 cells was
determined 72 h upon drug exposure using Cell-Titer-Glo 

®

drug matrix screen at indicated concentrations. Synergy re-
lief maps were generated using the SynergyFinder web ap-
plication ( https://synergyfinder.fimm.fi, [ 44 ]) and the highest
single-agent (HSA) [ 45 ] method. Additivity is defined for delta
scores between 0 and 10, whereas synergy is defined for delta
scores between 10 and 100. 

For 3D spheroid invasion assays, 2 × 10 

3 cells in 50- μl cul-
ture medium per well were seeded in Corning ® 96-Well Clear
Round Bottom Ultra Low Attachment microplates and cen-
trifuged for 3 min at 300 × g to promote spheroid formation.
Twenty-four hours post-seeding, spheroids were embedded in
50 μl Matrigel ® (Corning) and centrifuged again for 3 min at
300 × g and 4 

◦C. After Matrigel solidification (1 h at 37 

◦C),
compounds were added in 100- μl culture medium at the in-
dicated final concentrations. Invasion was monitored for 72
h using the spheroid module of the Incucyte ® S3 (Sartorius),
and the invasive area was quantified by segmentation, shown
relative to DMSO control when applicable. All experiments
were performed in biological triplicates. 

Plasmids, siRNAs, and CRISPR / Cas9 

Plasmid generation including vectors, respective templates,
and restrictions sites is summarized in Supplementary 
Table S1 . All constructs were validated by sequencing. For
CRISPR / Cas9-mediated deletion of the YAP1-3 

′ UTR, 5 × 10 

5

ES-2 cells were transfected with two sgRNA-encoding plas-
mids (psg_RFP_YAP1_3P1 and psg_RFP_YAP1_3P2) and a
Cas9 nuclease encoding plasmid (pcDNA-Cas9-T2A-GFP).

https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://synergyfinder.fimm.fi
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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RFP- / GFP-positive cells were isolated by single-cell sorting
using a FACS Melody cell sorter (BD Bioscience) 48 h post-
transfection. Knockout in populations derived from single-
cell clones was confirmed by polymerase chain reaction (PCR)
and Sanger sequencing. IGF2BP1 and METTL3 knockout ES-
2 clones have been described previously [ 24 , 26 ]. 

Luciferase assay 

Luciferase activity was analyzed 72 h post-transfection of
luciferase-encoding reporters using the Dual-Glo 

® assay
(Promega), essentially as previously described [ 26 ]. For YAP1-
3 

′ UTR reporters, firefly luciferase (FFL) activities were nor-
malized to renilla luciferase activities to obtain relative lu-
minescence units (RLU). RLU ratios were further normalized
to control populations and the luciferase empty vector con-
trol. For Y AP1 / T AZ-binding element reporters, NanoLuc ®

luciferase activities were normalized to FFL activities, with
RLU calculated relative to control conditions and a control
reporter containing only a minimal promoter. 

IGF2BP1 CLIP analyses, m 

6 A modifications, and 

RNA co-immunoprecipitation 

The analyses of IGF2BP1 cumulated CLIP scores were pre-
viously described by Müller et al. [ 24 ]. m 

6 A modifica-
tions of the YAP1-3 

′ UTR based on m 

6 A-seq and MeRIP-
seq methods were derived from RMBase v2.0 ( https://
bioinformaticsscience.cn/ rmbase/ ) [ 46 , 47 ]. For RNA co-
immunoprecipitation (RIP), cell extracts (1 × 10 

7 cells per
condition) were prepared on ice using RIP buffer [10 mM
HEPES, 150 mM KCl, 5 mM MgCl 2 , 0.5% NP40 (pH
7.0)]. Cleared lysates were incubated with anti-GFP antibod-
ies (Roche) and Protein G Dynabeads (Life Technologies) for
30 min at room temperature (RT). After three washing steps
with RIP buffer, protein–RNA complexes were eluted by ad-
dition of 1% sodium dodecyl sulfate at 65 

◦C for 10 min. Pro-
tein enrichment was analyzed by western blotting, and co-
purified RNAs were extracted using TRIzol ® and analyzed by
RT-qPCR (reverse transcription and quantitative polymerase
chain reaction). 

RNA isolation, RT-qPCR, and m 

6 A RNA capture 

Total RNA from cell line experiments was extracted using
TRIzol ®. Complementary DNA synthesis was performed with
M-MLV Reverse Transcriptase (Promega), using either ran-
dom hexamer primers or oligo (dT) primers for RNA turnover
experiments. qPCR analysis was conducted as previously de-
scribed [ 26 ]. Primer sequences are provided in Supplementary 
Table S1 . Relative RNA abundance was calculated using the
��Ct method, as described previously [ 48 ]. Changes in global
m 

6 A modifications following METTL3 knockout compared
with parental ES-2 cells were determined using the colorimet-
ric m 

6 A RNA methylation quantification kit (Abcam) accord-
ing to the manufacturer’s instructions using fresh TRIzol ®-
isolated RNA. 

RNA sequencing and data processing 

RNA integrity was assessed using a Bioanalyzer 2100 (Ag-
ilent). RNA sequencing (RNA-seq) libraries were prepared
according to the manufacturer’s instructions. For mRNA-
seq, total RNA was used as input for poly (A) enrichment
with oligo (dT) beads. Library preparation and sequencing
were performed by Novogene (Hong Kong) on the Illumina 
HiSeq or NovaSeq platforms. Low-quality read ends and 

residual sequencing adapter fragments were trimmed using 
Cutadapt. Reads were aligned to the human genome (UCSC 

GRCh37 or 38) using TopHat2 or HISAT2, respectively. Gene- 
mapped reads were summarized using FeatureCounts based 

on Ensembl (GRCh37.75 or GRCH38.89). Differential gene 
expression (DE) analysis was conducted with edgeR using 
trimmed mean of M-values (TMM) normalization, as pre- 
viously described [ 26 ]. Further details are available associ- 
ated to the respective datasets GSE109605, GSE116136, and 

GSE283587. 

Public sequencing data, correlations, 
over-representation, and gene set enrichment 
analyses 

Gene expression profiles from healthy ovarian samples were 
obtained as read counts from the GTEx portal ( https:// 
gtexportal.org/; GTEx v7). Gene expression profiles from 

TCGA ovarian cancer samples were obtained as read counts 
from the GDC data portal ( https:// portal.gdc.cancer.gov/ ).
DE was determined using the R package edgeR [ 49 ] uti- 
lizing TMM [ 50 ] normalization. EdgeR’s exactTest function 

was applied for testing for differentially expressed genes.
Gene expression data for EOC-derived cell lines from the 
CCLE dataset were obtained as RNA-Seq by Expectation- 
Maximization (RSEM)-normalized log 2 transformed gene ex- 
pression data from ( https://r2.amc.nl ). Over-representation 

analyses (ORAs) of KEGG pathways upon DE of IGF2BP1 

correlated genes (TCGA-OV-304 dataset) were carried out us- 
ing a significance cutoff of false discovery rate (FDR) < 0.05 

using the R2 platform ( https://r2.amc.nl ). RSEM-normalized 

log 2 transformed gene expression data for indicated TCGA- 
RNA-seq datasets were obtained from the R2 and Pearson 

correlation to IGF2BP1 was determined. Gene set enrichment 
analysis (GSEA) was performed on pre-ranked lists using the 
GSEA-software (v3.0 [ 51 ]) with MSigDB (v7.0 [ 52 ]) gene sets 
for Hallmarks and KEGG pathways. All protein-coding genes 
were ranked according to the Pearson correlation coefficient 
with IGF2BP1 in indicated TCGA-RNA-seq datasets or the 
fold change determined upon IGF2BP1 knockdown by RNA- 
seq. The YAP1 target gene set was assembled according to 

Galli et al. [ 53 ]. 

Kaplan–Meier analyses 

Kaplan–Meier analyses were conducted to assess differences 
in progression-free survival based on IGF2BP1 expression in 

EOC, using the KMplot database ( https://kmplot.com ) [ 54 ].
The analysis applied a median cutoff and included all available 
datasets. 

Western blot and biotin labeling of newly 

synthesized proteins 

Protein expression was assessed by western blotting as pre- 
viously described [ 37 ]. Primary and fluorophore-conjugated 

secondary antibodies are listed in Supplementary Table S1 .
Vinculin (VCL) was used as loading control to determine rel- 
ative changes in protein levels. To analyze density-dependent 
differences in protein translation, labeling of newly synthe- 
sized proteins was required. Cells were seeded at two differ- 
ent densities (25 000 and 100 000 cells / cm 

2 ) and cultured for 
48 h. Following this, the growth medium was replaced with 

https://bioinformaticsscience.cn/rmbase/
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://gtexportal.org/;
https://portal.gdc.cancer.gov/
https://r2.amc.nl
https://r2.amc.nl
https://kmplot.com
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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ethionine-free medium for 30 min, after which 50 μM of
he methionine analog Click-iT 

® AHA ( l -azidohomoalanine;
hermo Fisher) was added for 2 h. Cells were harvested and
ewly synthesized proteins incorporating AHA were subse-
uently labeled with biotin using the Click-iT 

® Biotin Protein
nalysis Detection Kit (Thermo Fisher) and analyzed by west-
rn blotting using Atto 800-Streptavidin for detection and
onceau staining to ensure equal loading. 

rotein purification 

odon optimized IGF2BP1 was expressed in Esc heric hia coli
train BL21-CodonPlus (DE3)-RIPL (StrataGene) and puri-
ed as previously described [ 55 ] with slight modification.
riefly, bacteria were lysed in lysis buffer (50 mM phosphate
uffer, 1% Triton, 700 mM NaCl, 5 mM ethylene glycol-
is( β-aminoethyl ether)-N,N,N 

′ ,N 

′ -tetraacetic acid (EGTA),
 mM ethylenediaminetetraacetic acid (EDTA), 1 mM Dithio-
hreitol (DTT)) supplemented with protease inhibitors and
ysozyme. After sonification and centrifugation at 8000 × g
or 20 min, the cell extracts were incubated with glutathione-
epharose for 2 h at 4 

◦C. After extensive washing with lysis
uffer, protein was incubated with PreScission protease (GE
ealthcare) over night and eluted (50 mM phosphate buffer,

00 mM NaCl, 10 mM EDTA, 0.1% Triton, 1 mM DTT).
luted proteins were further purified by linear salt elution
rom Heparin column using an Äkta-FPLC (GE Healthcare)
 55 ]. Eluted proteins were desalted into storage buffer [50 mM
EPES buffer, 300 mM NaCl, 3 mM MgCl 2 , 10% Glycerol

pH 7.4)] and stored at −80 

◦C. 

pectral shift / micro-scale thermophoresis 

ecombinant full-length IGF2BP1 protein was labeled with
ED-Tris-NTA dye using a Monolith NT His-Tag Labelling
it (NanoTemper). Labeled proteins were centrifuged at 15
00 × g for 10 min at 4 

◦C to remove aggregates. Reactions
20 μl) containing 50 nM labeled IGF2BP1 protein were in-
ubated with indicated RNA probe concentrations in reac-
ion buffer (1 × PBST (phosphat buffered saline / Tween-20),
 mM DTT) at RT for 10 min before loading into standard
apillaries (NanoTemper) for measurement in the Monolith X
MM-240) (NanoTemper) under standard reading conditions
100% LED power and medium micro-scale thermophoresis
MST) power]. Results were analyzed using the MO Control
2.6.6 software (NanoTemper) at the 2.5 s timepoint for curve
tting to determine the K d . Raw data were extracted and an-
lyzed via GraphPad Prism v10. 

mmunostaining 

o monitor cell growth in multiple layers, cells were cultured
t a high seeding density (100 000 cells / cm 

2 ) on coverslips.
ells were fixed with 4% paraformaldehyde (PFA) for 15 min
t RT, permeabilized with 0.5% Triton X-100 in phosphate-
uffered saline for 5 min, and stained with DAPI (Sigma–
ldrich) to label the nuclei as well as Phalloidin–Atto 647

ThermoFisher) to stain the F-actin cytoskeleton. Image stacks
ere acquired using an SP8X confocal microscope (Leica)

quipped with a 405-nm diode, a white light laser, and HyD
etectors under standard settings. 3D projections were gen-
rated using LAS-X software and are presented in glow-over
UT (DAPI) and F-actin in cyan. 
Analysis of IGF2BP1 and YAP1 protein expression 

in an EOC-tissue microarray 

A tissue microarray (TMA) containing 35 primary tumors
and corresponding metastases from the greater omentum
( Supplementary Table S2 ; OV812; tissuearray.com), derived
from HGSC samples, was stained using the Opal7 kit (Akoya)
to analyze IGF2BP1 and YAP1 protein expression. The TMA
was incubated at 65 

◦C for 2 h, followed by dewaxing with
xylene (3 × 10 min) and a graded ethanol series. Tissue fixa-
tion was carried out with 4% PFA for 20 min. Heat-induced
epitope retrieval was performed in pH 9 Tris buffer (Akoya)
at 95 

◦C for 20 min. Cyclic antibody staining was then con-
ducted manually using the Opal7 kit, with the following anti-
bodies: IGF2BP1 (pH 9; 1:50 [ 37 ]), YAP1 (pH 9; 1:50; Santa
Cruz), pan-Cytokeratin (pan-CK; pH 6; 1:300; BioLegend),
and spectral DAPI. 

Images were acquired using a Leica SP8X confocal mi-
croscope equipped with a white light laser. Sequential imag-
ing settings with HyD detectors, narrow detection band-
width, and time gating were employed. Image segmentation
and analysis were performed using QuPath! ( https://qupath.
readthedocs.io/ en/ 0.5/ ) [ 56 ]. 

Statistics 

All experiments were performed at least in biological tripli-
cates. Statistical significance was tested by a parametric Stu-
dent’s t -test on equally distributed data. Otherwise, a non-
parametric Mann–Whitney-test was performed. 

Results 

IGF2BP1 enhances ovarian cancer growth by 

fostering YAP / TAZ-driven transcription 

The oncofetal RNA-binding protein IGF2BP1 is frequently
overexpressed in various solid cancers including EOC, pro-
moting mesenchymal-like tumor cell properties [ 28 ], the inva-
sive growth of carcinomas [ 24 ], and metastasis (Fig. 1 A and B
and Supplementary Fig. S1 A). Its expression is correlated with
the mesenchymal and proliferative C5 subtype of ovarian car-
cinoma and poor patient outcomes ( Supplementary Fig. S1 B
and C) [ 37 , 57 ]. Beyond post-transcriptional stimulation of
mesenchymal factors, e.g. LEF1 and SLUG [ 28 ], IGF2BP1 en-
hances EMT through the disassembly of AJs via the protein–
ligand binding-induced activation of SRC kinase [ 37 ]. These
findings imply that IGF2BP1 also impairs contact inhibition
of tumor growth. 

To investigate this, overexpression and depletion studies
were conducted using EOC-derived ES-2 ( Supplementary Fig.
S1 D). The impact of stable IGF2BP1 overexpression (G-I1,
GFP-IGF2BP1) or IGF2BP1 depletion (Fig. 1 C) on contact in-
hibition was assessed by monitoring the 2D growth at vary-
ing initial cell densities (Fig. 1 D and Supplementary Fig. S1 E).
IGF2BP1 depletion significantly reduced cell growth, particu-
larly at high cell densities. Conversely, enforced IGF2BP1 ex-
pression conferred a notable growth advantage, especially at
medium to high cell densities. Both findings indicate that ele-
vated IGF2BP1 levels diminish contact inhibition of growth
in ES-2 cells. Consistently, high-resolution imaging of 2D-
cultured ES-2 cells demonstrated that G-I1 expression pro-
motes multilayered cell growth, a phenomenon only rarely ob-
served in the GFP-expressing control population (Fig. 1 E). 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://qupath.readthedocs.io/en/0.5/
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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A B C

ED

F

G H

Figure 1. IGF2BP1 pre v ents contact inhibition of tumor cell growth. ( A ) Schematic of ele v ated mesench ymal-lik e in v asiv e gro wth and reduced contact 
inhibition by the oncogene IGF2BP1 in carcinomas. ( B ) IGF2BP1 mRNA expression in normal ovarian tissue (NT, GTex v7) versus ovarian cancer (T; 
TCGA-RNA-seq). ( C ) Western blot of IGF2BP1 knockdown and overexpression in ES-2 cells. VCL served as loading control. Knockdown and 
o v ere xpression rates are indicated below panel. ( D ) IGF2BP1 impacts 2D cell growth at high cell densities. Growth curve of IGF2BP1 overexpression 
and knockdown cells (panel C) determined by Cell-Titer-Glo ® (left panel). Doubling times over a growth period of 72 h were assessed for different initial 
seeding densities: 25 0 0 0 cells / cm 

2 (25K); 50 0 0 0 cells / cm 

2 (50K); and 10 0 0 0 0 cells / cm 

2 (10 0K). ( E ) IGF2BP1 o v ere xpression impairs the contact 
inhibition of growth. Representative 3D projections of ES-2 cells overexpressing GFP (G) or GFP–IGF2BP1 (G–I1). Cells were co-labeled by DAPI and 
Phalloidin at high seeding densities. ( F ) Schematic depicting the labeling of newly synthesized proteins using CLICK-IT™ chemistry. ( G ) IGF2BP1 
o v ere xpression promotes protein synthesis at high cell densities. Nascent protein production was monitored by pulse-labeling at indicated conditions 
using Strepavidin-R800 (left panel) labeling. Ponceau staining served as loading control. Relative protein synthesis (to GFP controls) is represented by a 
bar diagram (right panel). ( H ) IGF2BP1 o v ere xpression promotes YAP1 / TAZ-driven transcription. NanoLuc ® activity of transcriptional luciferase reporters 
(schematic in top panel) harboring four YAP1 / TAZ response elements at indicated conditions [SA: Saracatinib at 5 μM; D: DMSO at 0.05% (v / v)] is 
sho wn b y a bar diagram. Error bars indicate standard de viation (s.d.) of three independent e xperiments: * P < 0.05; ** P < 0.0 1; *** P < 0.00 1. 
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One hallmark of contact-induced growth arrest is the
ownregulation of cap-dependent mRNA translation, which
nvolves an increased abundance of the translational repres-
or 4E-BP1 and potentially impaired initiation efficacy due to
isturbed eIF4A activity [ 58 , 59 ]. To determine if IGF2BP1 in-
uences protein biosynthesis in a cell density-dependent man-
er, pulse chase experiments were conducted using the me-
hionine analog AHA. This approach allowed tracing nascent
rotein production via CLICK chemistry (Fig. 1 F). At low cell
ensities (25 000 cells / cm 

2 ), GFP-IGF2BP1 expression only
oderately enhanced protein biosynthesis in ES-2 cells (Fig.
 G). In sharp contrast, elevated IGF2BP1 abundance substan-
ially increased global mRNA translation at high cell densities
four-fold, 100 000 cells / cm 

2 ). This suggests that the signifi-
ant upregulation of IGF2BP1, observed in advanced malig-
ancies, stimulates cancer hallmark pathways, promoting tu-
or growth at elevated cell densities. To identify pathways in-

olved in the IGF2BP1-dependent regulation of contact inhi-
ition in ovarian cancer, we investigated IGF2BP1-correlated
enes in the ovarian serous cystadenocarcinoma dataset pro-
ided by the TCGA ( n = 304). ORAs identified “cell cycle”,
signaling pathways regulating pluripotency of stem cells”,
nd the “Hippo signaling pathway” among the most signifi-
antly stimulated pathways associated with IGF2BP1 expres-
ion in EOC ( Supplementary Fig. S1 F). In support of these
ndings, previous studies reported roles of IGF2BPs in cell cy-
le control [ 26 ], stem-cell fate decisions [ 60 ], and their asso-
iation with the Y AP1 / T AZ-driven gene expression in glioma
nd liver cancer [ 14 , 61 ]. 

Aiming to explore if IGF2BP1 modulates Y AP1 / T AZ-
riven gene expression in EOC-derived cells, we monitored
he activity of Y AP1 / T AZ-driven transcriptional luciferase re-
orters in G-I1-expressing ES-2 cells at low and high densi-
ies (Fig. 1 H and Supplementary Fig. S1 G). Notably, elevated
GF2BP1 expression significantly enhanced Y AP1 / T AZ tran-
criptional activity by about 1.5-fold at low densities. Consis-
ent with the observed changes in global translation (cf. Fig.
 G), Y AP1 / T AZ-driven gene expression in control cells was
arkedly reduced at high cell densities due to contact inhi-
ition (Fig. 1 H), a phenomenon not observed with minimal
romoter reporters ( Supplementary Fig. S1 G). In stark con-
rast, IGF2BP1 overexpression maintained Y AP1 / T AZ-driven
ene expression even under high-density conditions. Given
hat SRC is known to enhance Y AP1 / T AZ activity to drive tu-
or growth and metastasis [ 43 ] and IGF2BP1 induces SRC ac-

ivity in EOC cells [ 37 ], we investigated if IGF2BP1-promoted
 AP1 / T AZ-driven gene expression was SRC-dependent. In-

erestingly, high levels of Y AP / T AZ-driven transcription in
GF2BP1-overexpressing cells persisted despite SRCi by treat-
ent with Saracatinib. This is consistent with previous find-

ngs, which show that Saracatinib primarily impairs IGF2BP1-
riven invasion, rather than the growth of ovarian cancer cells
 37 ]. Collectively, these results suggest that IGF2BP1 is a po-
ent enhancer of Y AP1 / T AZ-driven gene expression, promot-
ng tumor growth at high cell density in an SRC-independent
anner in ES-2 cells. 

GF2BP1 promotes YAP1 abundance and 

ranscriptional activity in ovarian cancer 

he Hippo signaling pathway regulates Y AP1 / T AZ-driven
ene expression through cytoplasmic phosphorylation of
 AP1 / T AZ, resulting in their cytoplasmic retention, decay,
and increased association with AJs [ 9 ]. Upon dephospho-
rylation, Y AP1s / T AZs translocate to the nucleus, where
they induce target gene expression in conjunction with
TEAD transcription factors. This suggests that phosphory-
lated cytoplasmic and AJ-associated YAP1 aligns with rather
tumor-suppressive roles, whereas dephosphorylated nuclear
Y AP1 / T AZ promotes pro-proliferative and tumorigenic gene
expression (Fig. 2 A). 

To identify direct effectors of IGF2BP1-stimulated
Y AP1 / T AZ-driven gene expression in EOC, we exam-
ined the correlation of core Hippo pathway genes with
IGF2BP1 in patient samples and upon IGF2BP1 knockdown
in ES-2 cells (Fig. 2 B). We observed positive correlations with
IGF2BP1 for all oncogenic but not tumor suppressive core
Hippo pathway genes. Moreover, IGF2BP1 expression was
associated with enhanced expression of previously described
YAP1 target genes (Fig. 2 C) [ 53 ]. Among oncogenic core
Hippo pathway genes, only YAP1 and TEAD4 mRNAs were
substantially downregulated upon IGF2BP1 depletion in
ES-2 cells. The analysis of IGF2BP1-CLIP data from four cell
line models [ 24 ] revealed a conserved association between
IGF2BP1 and YAP1 mRNA, but not TEAD4 transcripts (Fig.
2 B and Supplementary Fig. S2 A). These findings suggest that
IGF2BP1 stimulates Y AP1 / T AZ-driven gene expression by
directly targeting the YAP1 mRNA. 

Two major YAP1 isoforms, YAP1-1 and YAP1-2, arising
from alternative splicing and differing in the number of WW
domains, have been reported [ 62 ]. Consistent with reduced to-
tal YAP1 mRNA levels, protein abundance of both isoforms
decreased upon IGF2BP1 knockout and knockdown in ES-2
cells (Fig. 2 D). Conversely, GFP-IGF2BP1 expression elevated
both, YAP1 mRNA and protein levels ( Supplementary Fig.
S2 B). Relative phosphorylation of YAP1 at serine 127, how-
ever, remained largely unchanged following IGF2BP1 knock-
down ( Supplementary Fig. S2 C). This indicates that IGF2BP1
does not directly modulate Hippo signaling but instead in-
creases the overall abundance of YAP1. 

The functional impact of YAP1 abundance on IGF2BP1-
mediated effects was assessed by overexpressing the YAP1-1
isoform, which increased Y AP / T AZ-driven luciferase reporter
activity and cell growth ( Supplementary Fig. S2 D). Likewise,
the stimulation of both Y AP1 / T AZ-reporter activity and cell
growth by GFP-IGF2BP1 was diminished by YAP1 depletion
( Supplementary Fig. S2 E). Most notably, impaired growth
and Y AP1 / T AZ-reporter activity upon IGF2BP1 knockdown
were restored by the re-expression of YAP1-1 (Fig. 2 E). Con-
sistent with our observation of IGF2BP1-stimulated YAP1
expression, GSEA of IGF2BP1-depleted ES-2 cells revealed
significant downregulation of YAP1 target genes previously
identified by Galli et al. [ 53 ] (Fig. 2 F). In conclusion, these
findings demonstrate that IGF2BP1 enhances YAP1 / TEAD-
driven gene expression by promoting the synthesis
of YAP1. 

IGF2BP1 elevates YAP1 synthesis in a 3 

′ UTR- and 

m 

6 A-dependent manner 

To delineate the molecular basis of IGF2BP1-mediated reg-
ulation of Y AP1 / T AZ-driven gene expression, we focused
on two prime candidate targets: YAP1 and TEAD4 (cf. Fig.
2 B). IGF2BP1 binding to YAP1 and TEAD4 mRNAs was
determined by RIP studies in ES-2 cells lacking IGF2BP1,
and re-expressing either GFP (control), a previously char-

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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Figure 2. IGF2BP1 promotes tumor cell growth by enhancing YAP1 expression. ( A ) Schematic of the core Hippo signaling pathway. Tumor suppressor 
genes are indicated in blue, oncogenic factors are shown in red. ( B ) IGF2BP1 is associated with YAP1 and TEAD4 expression in ovarian cancer. For 
indicated genes, the bubble chart depicts Pearson correlation (r) with IGF2BP1 expression in EOC (TCGA-O V -304), fold changed expression in ES-2 cells 
upon IGF2BP1 depletion (KD), and IGF2BP1-CLIP scores [ 24 ]. ( C ) IGF2BP1 is associated with ele v ated YAP1-driv en target gene expression. GSEA upon 
gene ranking according to IGF2BP1 Pearson correlation with IGF2BP1 (TCGA-OV-304 dataset). The enrichment plot for YAP1 target genes by Galli et al. 
[ 53 ] is shown. ( D ) IGF2BP1 promotes YAP1 synthesis. Western blot analysis of CRISPR / Cas9-based IGF2BP1 knockout (I1KO) or IGF2BP1 depletion by 
an siRNA pool (siI1). Distinct YAP1 isoforms, YAP1-1 [ 1 ] and YAP1-2 [ 2 ], are highlighted. Protein and RNA quantifications are provided below panels. ( E ) 
YAP1 re-expression rescues growth and YAP1 / TAZ reporter activity upon IGF2BP1 depletion. Western blot analysis of indicated proteins (left panel), 
NanoLuc ® activity of transcriptional YAP1 / TAZ reporters (middle panel), and 2D growth of ES-2 cells (right panel) were determined for controls (siC / EV), 
IGF2BP1-depletion (siI1), and YAP1 re-expression upon IGF2BP1 knockdown (YAP1 / siI1). ( F ) IGF2BP1 depletion impairs YAP1-driven gene expression. 
GSEA for the YAP1 target gene set by Galli et al. [ 53 ] upon gene ranking by the fold change of expression in response to IGF2BP1 depletion in ES-2 
cells. Error bars indicate s.d. of three independent experiments: * P < 0.05; ** P < 0.01; *** P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acterized RNA-binding deficient IGF2BP1-mutant (KH) [ 37 ,
63 ], or the GFP-fused wild-type IGF2BP1 (G-I1; Fig. 3 A).
Only the wild-type protein co-purified with ELAVL1 (HuR),
a previously reported RNA-dependent binding partner of
IGF2BP1 [ 64 ] ( Supplementary Fig. S3 A). RIP studies indi-
cated strong enrichment of YAP1 and the previously re-
ported, conserved target mRNA HMGA2 [ 23 ]. In sharp con-
trast, and consistent with the lack of conserved CLIP hits
for IGF2BP1 (cf. Supplementary Fig. S2 A), TEAD4 tran-
scripts were not enriched with G-I1 above control levels. To
corroborate direct association of IGF2BP1 with the YAP1
mRNA, we focused on a high-confidence binding site iden-
tified by eCLIP studies in HEPG2 cells [ 21 ]. This site over-
laps with reported miRNA-binding sites for the miR-16 fam-
ily, known to regulate YAP1 expression in gastric- and cholan-
giocarcinoma [ 13 , 65 ] ( Supplementary Fig. S2 A). Isothermal
spectral shift spectroscopy analyses and MST with recom-
binant human IGF2BP1 and a Cy5-labeled RNA probe de-
rived from the YAP1 high-confidence binding site confirmed
robust binding with K d values in the low nanomolar range
( Supplementary Fig. S3 B). Further validation using RIP 

studies showed that BTYNB (BT) significantly reduced 

IGF2BP1’s association with both HMGA2 and YAP1 mRNAs 
( Supplementary Fig. S3 C). In view of IGF2BP1’s conserved 

role in stabilizing mRNAs in cancer cells [ 21 ], these findings 
strongly suggested RNA-binding-dependent enhancement of 
YAP1 expression by IGF2BP1. 

In support, only the re-expression of wild-type IGF2BP1,
but not the RNA-binding deficient mutant (KH) restored 

YAP1 expression in IGF2BP1-knockout ES-2 cells (Fig. 3 B).
The hypothesis that IGF2BP1 stabilizes YAP1 mRNA was 
tested by RNA decay assays following transcriptional inhibi- 
tion via Actinomycin D (Fig. 3 C). These studies demonstrated 

∼3-fold increase in YAP1 mRNA degradation in IGF2BP1- 
deleted ES-2 cells, confirming IGF2BP1’s role in stabiliz- 
ing YAP1 mRNA. The investigation of reported IGF2BP1- 
CLIP sites in the YAP1 mRNA suggested strong associa- 
tion at the 3 

′ UTR and thus 3 

′ UTR-dependent regulation (cf.
Supplementary Fig. S2 A), as previously reported for various 
target mRNAs stabilized by IGF2BP1 [ 21 , 24–26 ]. Luciferase 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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Figure 3. IGF2BP1 is an m 

6 A- / 3 ′ UTR-dependent enhancer of YAP1 mRNA st abilit y. ( A ) IGF2BP1 associates with the YAP1 mRNA. IGF2BP1-RIP 
analyses in IGF2BP1-knockout (I1-KO) ES-2 cells re-expressing GFP (control), RNA-binding deficient GFP-IGF2BP1 (control), or GFP-IGF2BP1. RNA 

enrichment was normalized to inputs and the GFP control. Pulldown controls are shown in Supplementary Fig. S3 A. ( B ) RNA-dependent enhancement 
of YAP1 by IGF2BP1. Western blot analysis in I1-KO ES-2 cells re-expressing GFP (control), GFP-IGF2BP1 (G-I1), or RNA-binding deficient IGF2BP1 (KH). 
Protein quantification is depicted in lower panel. ( C ) IGF2BP1 stabilizes the YAP1 mRNA. RNA turnover analyses in parental ES-2 (WT) and I1-KO cells 
(KO) f ollo wing A ctinom y cin D treatment at indicated timepoints. ( D ) IGF2BP1 controls YAP1 e xpression in a 3 ′ UTR-dependent manner. Changes in the 
activity of luciferase reporters containing the YAP1-3 ′ UTR were determined in ES-2 cells depleted for IGF2BP1 (siI1) or exposed to BTYNB (10 μM). ( E ) 
Deletion of the YAP1-3 ′ UTR abolishes regulation b y IGF2BP1. T he sc hematic (lef t panel) shows the strategy of 3 ′ UTR-deletion, as v erified b y PCR (middle 
panel). Western blot analysis of YAP1 protein expression (right panel, quantification in lower panel) upon IGF2BP1 depletion in parental (WT) and 
3 ′ UTR-deleted ES-2 cells ( �3 ′ UTR). ( F ) Modification by m 

6 A promotes IGF2BP1-stimulated YAP1 expression. Western blot analysis of indicated proteins 
in parental (WT) and METTL3-deleted (M3KO) ES-2 cells upon IGF2BP1 depletion. Protein and mRNA quantification are shown below panel. ( G ) 
Modification by m 

6 A promotes association of IGF2BP1 with the YAP1 mRNA. IGF2BP1-RIP analysis in parental and M3KO ES-2 cells stably expressing 
GFP-IGF2BP1 or GFP as control. RNA enrichments were normalized to inputs and the GFP control. Pulldown controls are shown in 
Supplement ary Fig . S3 F. ( H ) Schematic of IGF2BP1-directed, m 

6 A and 3 ′ UTR-dependent enhancement of YAP1 mRNA st abilit y. Error bars indicate s.d. 
of three independent experiments: ** P < 0.01; *** P < 0.001. 
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eporters containing the YAP1 3 

′ UTR showed ∼2-fold re-
uced activity following IGF2BP1 knockdown and, most no-
ably, in response to BTYNB treatment (Fig. 3 D). The criti-
al role of the 3 

′ UTR was further corroborated by CRISPR-
uided deletion of the YAP1-3 

′ UTR. This significantly reduced
AP1 protein abundance and abolished IGF2BP1-dependent
egulation (Fig. 3 E). Studies in glioma cell models suggested
hat IGF2BP1 controls YAP1 abundance in an m 

6 A-dependent
anner [ 14 ]. Consistent with this, YAP1 mRNA harbors sev-

ral m 

6 A sites ( Supplementary Fig. S2 A) according to RMBase
[ 46 , 47 ]. Deletion of the m 

6 A methyltransferase METTL3 in
ES-2 cells reduced global m 

6 A levels, YAP1 expression, and
cell growth, whereas IGF2BP1 abundance remained essen-
tially unaffected (Fig. 3 F and Supplementary Fig. S3 D–F). No-
tably, IGF2BP1 knockdown still modestly reduced YAP1 lev-
els in METTL3-deficient cells, suggesting that m 

6 A modifica-
tion promotes, but is not essential for, the IGF2BP1-mediated
regulation of YAP1. In agreement with a stimulatory role
of m 

6 A modification, RIP studies showed diminished YAP1
mRNA association with IGF2BP1 in METTL3-deleted cells

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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(Fig. 3 G, and Supplementary Fig. S3 F). In summary, these
findings establish IGF2BP1 as a druggable regulator of YAP1
abundance, functioning through a combination of m 

6 A- and
3 

′ UTR-dependent mechanisms (Fig. 3 H). 

IGF2BP1 is a druggable enhancer of YAP1-driven 

gene expression in carcinomas 

To investigate if IGF2BP1 and YAP1 are co-expressed in ovar-
ian cancer samples, a TMA containing 35 primary HGSC sam-
ples with corresponding metastases of the greater omentum
was used for multispectral imaging (Fig. 4 A). To this end, mul-
ticolor fluorescence counter staining of YAP1, IGF2BP1, and
pan-CK to distinguish tumor from stroma tissue, and DAPI
labeling to reveal nuclei was employed. Quantification of cy-
toplasmic IGF2BP1 signals significantly correlated with nu-
clear YAP1 staining in tumor cells. This suggests that IGF2BP1
promotes YAP1 abundance and activity in ovarian cancer, as
indicated by enriched nuclear localization of the protein in
IGF2BP1-expressing cancer cells. 

IGF2BP1 is a conserved pro-tumorigenic factor in carcino-
mas, which is druggable by BTYNB resulting in significant
downregulation of pro-proliferative cancer hallmark path-
ways, e.g. E2F- and MY C / MY CN-driven gene expression
[ 17 , 26 ]. To evaluate if this is also observed for YAP1-driven
transcription, we explored the association of IGF2BP1 with
Y AP1 / T AZ target gene sets in TCGA-provided gene expres-
sion data of five carcinomas (LUAD, HNSC, OV, LIHC, and
PAAD) with reported oncogenic roles of IGF2BP1 [ 26 , 66 ].
To this end, correlation coefficients determined for IGF2BP1-
associated gene expression were used for gene ranking and
subsequent GSEA (Fig. 4 B). These analyses indicated that
IGF2BP1 is significantly associated with enhanced Y AP1 / T AZ
gene expression in all five investigated carcinomas. This was
most consistent for the YAP1 target gene set reported by Galli
et al. [ 53 ], for which the highest normalized enrichment scores
(NESs) were determined except for HNSC. If IGF2BP1 con-
trols YAP1 expression in a conserved manner, was addressed
by monitoring the expression of Hippo pathway genes upon
IGF2BP1 knockdown (Fig. 4 C and D). RNA-seq data derived
from five cell lines revealed a quite heterogeneous deregula-
tion of Hippo pathway genes across investigated cell models
upon IGF2BP1 depletion, with YAP1 being a striking excep-
tion (Fig. 4 C). In response to IGF2BP1 knockdown, only the
YAP1 mRNA showed consistently decreased abundance in all
investigated cell models, although downregulation remained
moderate in SAS (HNSC) cells. However, at the protein level,
IGF2BP1 significantly decreased YAP1 protein abundance in
all tested cell lines (Fig. 4 D). This decrease of YAP1 was as-
sociated with significantly reduced expression of YAP1 target
genes reported by Galli et al. [ 53 ] (Fig. 4 E). Consistent with
a conserved impact on cell vitality ( Supplementary Fig. S4 A),
BTYNB induced robust downregulation of YAP1 expression
in all cell models exposed to BTYNB at EC 50 concentrations
for 72 h (Fig. 4 F). Whether the inhibition of IGF2BP1–RNA
association by BTYNB also impairs Y AP1 / T AZ-driven gene
expression was investigated by transcriptional luciferase re-
porters in all investigated cell models (Fig. 4 G). In line with the
demonstrated, conserved reduction of YAP1 expression and
cell proliferation, BTYNB significantly reduced Y AP1 / T AZ-
reporter activity in all tested cell lines. In summary, these find-
ings demonstrate that IGF2BP1 is a conserved enhancer of
YAP1 expression and YAP1 / TAZ transcriptional activity. This 
stimulatory role is substantially disrupted by BTYNB, which 

interferes with IGF2BP1–RNA association (Fig. 4 H). 

IGF2BP1i provides versatile therapeutic benefits by 

impairing invasive tumor growth 

In previous studies, we demonstrated that IGF2BP1 promotes 
the invasive growth of ovarian cancer cell models [ 37 ]. Con- 
sistent with these findings, the IGF2BP1 inhibitor BTYNB im- 
paired both 3D growth and spheroid invasion of ovarian can- 
cer derived ES-2 cells (Fig. 5 A and B). The growth-inhibitory 
effect of BTYNB was strikingly conserved with EC 50 values in 

the low micromolar range, as determined in five 2D-cultured 

tumor cell models ( Supplementary Fig. S4 A). In sharp con- 
trast, SRCi by Saracatinib only showed strong inhibition of 
2D growth in A549 and SAS cells (EC 50 < 1 μM), whereas 
it remained substantially less effective in ES-2, HUH-7, and 

PANC-1 cells where EC 50 values ranged between ∼10 and 

600 μM. These observations suggested that Saracatinib’s im- 
pact on cell viability is at least partially mediated through 

its inhibition of Y AP1 / T AZ-driven gene expression. Support- 
ing this notion, we found that A549 and SAS cells exhibited 

lower YAP1 expression relative to SRC, while HUH-7, ES-2,
and PANC-1 cells had higher Y AP1 / SR C expression ratios 
(Fig. 5 C and Supplementary Fig. S4 B). To test this hypothe- 
sis, we monitored the transcriptional activity of Y AP1 / T AZ- 
luciferase reporters in response to Saracatinib (Fig. 5 D). Un- 
like BTYNB, which uniformly inhibited reporter activity and 

cell viability across all cell models tested (cf. Fig. 4 G), Sara- 
catinib reduced reporter activity predominantly in A549 and 

SAS cells. This suggests that SRCi impairs cell viability, at least 
in part, by suppressing Y AP1 / T AZ-driven gene expression in 

Saracatinib-sensitive cell models. The broad inhibitory effect 
of targeting Y AP1 / T AZ signaling on cell proliferation was 
confirmed using Verteporfin, an indirect YAP1 / TAZ inhibitor 
( Supplementary Fig. S4 B). 

These findings prompted us to hypothesize that Verteporfin 

enhances the potency of SRCi, at least in cell models with 

high Y AP1 / SR C ratios and low Saracatinib response. Sup- 
porting this notion, combined treatment with Saracatinib and 

Verteporfin produced only moderate additive effects in A549 

cells, as determined by the HSA model [ 44 , 45 ] (Fig. 5 E). In
contrast, synergistic effects were observed in ES-2 cells, with 

delta scores exceeding 10 (Fig. 5 E). Consistent with the di- 
rect regulation of SRC and YAP1 by IGF2BP1, the combined 

treatment of ES-2 cells with BTYNB and either Saracatinib or 
Verteporfin demonstrated substantial additivity, with average 
delta scores between 0 and 10 ( Supplementary Fig. S4 C). 

Overall, these findings highlighted a crucial role of 
IGF2BP1 which promotes both, SRC [ 37 ] and Y AP1 / T AZ ac- 
tivity in a conserved manner across carcinomas. Thus, we hy- 
pothesized that concurrent inhibition of IGF2BP1 (BTYNB),
SR C (Saracatinib), and Y AP1 / T AZ (V erteporfin) provides ro- 
bust inhibition of both growth and invasion in ovarian can- 
cer and other carcinomas. This hypothesis was tested using 
3D-invasion assays on ES-2 cells and organoid growth as- 
says on EOC tumor organoids. Both models express all three 
proteins at variable abundances and were responsive to high 

dose single-agent treatments (Fig. 5 F and Supplementary Fig. 
S4 D). The combination of all three inhibitors significantly 
impaired spheroid invasion and organoid growth (Fig. 5 G) 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf006#supplementary-data
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Figure 4. IGF2BP1 is a conserved enhancer of YAP1 and its target genes in carcinomas. ( A ) IGF2BP1 expression is associated with elevated nuclear 
YAP1 abundance in o v arian cancer. Co-expression of IGF2BP1 and YAP1 was monitored by multicolor fluorescence imaging on a TMA comprising 35 
HGSC samples and corresponding met ast ases in the greater omentum. R epresentativ e images (left panel) show protein expression (IGF2BP1 and 
YAP1) next to representative labeling of nuclei by DAPI and tumor cells by pan-CK st aining . Pearson correlation of mean fluorescence intensities per core 
identified a significant co-expression of IGF2BP1 and YAP1, as depicted by an XY plot (right panel). ( B ) IGF2BP1 shows conserved association with 
YAP1 / TAZ target gene expression in carcinomas. Bubble plots indicate NESs determined by GSEA of IGF2BP1-correlated gene expression (Pearson) in 
five carcinomas-based TCGA-deposited RNA-seq datasets. ( C ) IGF2BP1 is a conserved regulator of YAP1 expression in carcinoma cells. Bubble plots 
show the fold change in gene expression of core Hippo pathway genes, as determined upon IGF2BP1 depletion in tumor cell lines derived from 

indicated carcinomas. ( D ) IGF2BP1 depletion consistently impairs YAP1 expression in carcinoma-derived cell lines. Western blot analysis of IGF2BP1 and 
YAP1 upon I1-KD in indicated cell lines. Changes in YAP1 protein abundance are shown in the lower panels. ( E ) IGF2BP1 is a conserved enhancer of 
YAP1 target genes. GSEA by ranking genes in response to IGF2BP1 depletion identifies consistent downregulation of YAP1 target genes reported by 
Galli et al. [ 53 ] in five carcinoma-derived cell lines. ( F ) Inhibition of IGF2BP1 by BTYNB consistently reduces YAP1. Western blot analysis of IGF2BP1 and 
YAP1 in response to BTYNB (10 μM) in indicated cell lines. Changes in YAP1 protein abundance are shown in the lower panels. ( G ) BTYNB is a 
conserved inhibitor of YAP1 / TAZ-driven transcription. NanoLuc ® activity of transcriptional reporters comprising four YAP1 / TAZ binding elements 
(schematic in upper panel) was monitored upon exposure to BTYNB (10 μM) in indicated cell lines. ( H ) The schematic illustrates inhibition of the 
IGF2BP1–YAP1 axis by BTYNB. Error bars indicate s.d. of three independent experiments: * P < 0.05; ** P < 0.01; *** P < 0.001. 
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A

C D E

B

F

G

Figure 5. IGF2BP1i provides conserved benefits in sensitizing carcinoma cells to SRCi and combined treatment with YAP1 / TAZ inhibition. ( A ) IGF2BP1i 
by BTYNB impairs 3D growth and 3D invasion in ES-2 cells. Spheroid growth (left panel) and invasion (right panel) of ES-2 was evaluated upon BTYNB 

exposure at indicated concentrations for 72 h. The spheroid body is highlighted in turquoise. The invasive area is indicated in yellow. The quantitative 
assessment of spheroid viability, determined by Cell-Titer Glo ®, and invasion areas are depicted by a bar diagram (left panel) and XY plots (right panel). 
( B ) Schematic illustrating the impairment of YAP1-driven gene expression by IGF2BP1i (BTYNB), SRCi (Saracatinib), and YAP1 / TAZi (Verteporfin). ( C ) L o w 

potency of SRCi is associated with elevated YAP1 / SRC abundancy ratios. Dose-response curves of SRCi for indicated cell lines. EC 50 -values are 
indicated. Heatmap shows log 2 YAP1 / SRC mRNA ratios, as determined by RNA-seq, for respective cell lines. ( D ) Resistance to SRCi is associated with 
transcriptional YAP1 / TAZ activity. NanoLuc ® activity of transcriptional YAP1 / TAZ luciferase reporters was monitored in SRCi responsive (turquoise) and 
resistant (y ello w) cell lines. DMSO serv ed as control. ( E ) SR Ci sho ws strong synergy with YAP1 / TAZi in SR Ci-resistant cell models. Images depict 
synergy maps derived by Saracatinib versus Verteporfin drug combination matrices and evaluation by the HSA model [ 45 ] for indicated cell lines. 
Synergy: 10 < δ (delta score) < 100; additivity: 0 < δ< 10; antagonism: δ< −10. ( F, G ) Combined IGF2BP1i, SRCi, and YAP1 / TAZi provides robust and 
conserved impairment of invasive growth in cell line models and organoids. Invasion and organoid growth were assessed 72 h upon exposure to mono- 
or combination treatments at indicated concentrations of individual compounds. R epresentativ e images are shown. Changes relative to the starting 
point of the treatment are shown as line plots for indicated conditions. Bar diagrams depict changes relative to DMSO controls (panel G; right panels). 
Additivity, defined as the summed effects of all compounds, is highlighted in yellow. Error bars indicate standard errors of the mean of three 
independent experiments: * P < 0.05; *** P < 0.001. 
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sing doses ∼10-fold lower in the triple-treatment regimen
ompared with those effective in monotherapies (cf. Fig. 5 F).
urthermore, the triple treatment exhibited synergistic ef-
ects, as low-dose single-agent treatments had minimal im-
act, except for Saracatinib, which partially reduced invasion
Fig. 5 G). 

In conclusion, these findings highlight a strongly con-
erved potential of IGF2BP1i by BTYNB on Y AP1 / T AZ-
riven growth and SRC-dependent invasion. The regulatory
rosstalk among IGF2BP1, SRC, and YAP1 further indi-
ates combined treatment regimens as a promising approach
o achieve robust responses at low dosages of individual
ompounds. 

iscussion 

ur study provides compelling evidence that IGF2BP1 plays
 multifaceted role in promoting tumor growth [ 20 ], both by
nhancing cellular proliferation and impairing contact inhibi-
ion of growth. This dual function further highlights IGF2BP1
s a critical oncogenic driver across various carcinoma models
 24 , 26 ], extending its established oncogenic role in neurob-
astoma and other malignancies [ 17 , 29 , 30 ]. Importantly, our
ndings for the first time reveal that IGF2BP1’s conserved reg-
latory effects largely rely on the upregulation of YAP1. This
ey effector of the Hippo signaling pathway serves essential
oles in tumorigenesis, particularly in regulating contact inhi-
ition of growth [ 5 ]. Building on previous research in glioma
 14 ], our work shows that IGF2BP1 promotes YAP1 expres-
ion by stabilizing the YAP1 mRNA through an m 

6 A- and
AP1-3 

′ UTR-dependent mechanism. This discovery under-
cores the importance of RNA modifications in cancer biol-
gy [ 27 ], particularly the role of m 

6 A in enhancing IGF2BP1’s
bility to bind and stabilize some of its target mRNAs [ 21 ],
s previously shown for other oncogenic factors like MYC
nd SRF [ 18 , 25 ]. The critical nature of the YAP1 3 

′ UTR
n this process is confirmed by our observation that deleting
his regulatory cis- element abolishes IGF2BP1-directed con-
rol of YAP1 expression. In line with a supportive role of
 

6 A in IGF2BP1-stimulated YAP1 expression, we observed
hat deletion of METTL3 reduces YAP1 abundance attenuat-
ng IGF2BP1-directed stimulation. However, the direct recog-
ition of m 

6 A by IGF2BP1 remains a topic of debate, and fur-
her work is needed to elucidate the molecular details how
 

6 A contributes to IGF2BP1-mediated YAP1 regulation. Nev-
rtheless, our findings indicate that m 

6 A modifications are not
equired but support the stabilization of YAP1 mRNA me-
iated by IGF2BP1, aligning with previous reports on other
ncogenes such as MYC and SRF [ 18 , 25 ]. 
A pivotal aspect of our study is the identification of

TYNB’s potency in disrupting IGF2BP1–YAP1 mRNA as-
ociation, as has been shown for other IGF2BP1 target tran-
cripts [ 17 , 26 , 31 ]. This inhibitory potential manifests in the
onserved impairment of 3D growth and invasion in ovarian
ancer cells and organoids. Here, we, for the first time, demon-
trate that this is intimately linked to BTYNB’s impact on
AP1-driven transcriptional activity . Significantly , BTYNB’s
otency is enhanced when combined with Verteporfin, an in-
irect Y AP1 / T AZ inhibitor elevating 14-3-3 proteins to se-
uester YAP1 in the cytoplasm [ 10 ]. Consistent with previous
eports we also observed benefits of combining BTYNB with
RCi using Saracatinib [ 37 ]. These findings emphasize the
broad therapeutic potential of IGF2BP1 targeting, which af-
fects multiple pathways in concert, including the oncogenic ac-
tivation of SRC [ 43 ], which appears limited in mesenchymal-
like carcinoma cells like ES-2. In these, inhibitors like BTYNB
and Verteporfin overcome these limitations of Saracatinib
through diminishing growth and acting in synergy with SRCi.
In contrast, in rather epithelial-like cells like A549 or SAS,
which maintain CDH1-positive AJs, SRCi strongly impacts on
tumor cell growth with limited benefits observed in combined
treatment. These findings are concise with the notion that
YAP1 activity is likely restricted due to its tight recruitment
to AJs via α-catenin [ 67 ] and elevated activity of the YAP1 re-
pressor LATS1 [ 68 ]. In mesenchymal cells, lacking AJs like ES-
2 cells [ 37 ], SRCi likely remains less effective in growth control
since repression of YAP1 activity via AJ-based cytoplasmic re-
tention is rendered largely irrelevant [ 69 ]. Thus, IGF2BP1 in-
hibition is superior since it uncouples both, SRC and YAP1 ac-
tivation from canonical signaling. In the case of SRC, IGF2BP1
promotes activation independent of upstream signaling via di-
rect protein–ligand binding [ 37 ]. Likewise, IGF2BP1 uncou-
ples YAP1 activation from canonical Hippo signaling [ 70 ],
which typically regulates YAP1 protein turnover and prevents
nuclear accumulation. Treatment with Verteporfin, and even
more interestingly exposure to BTYNB, prevents this onco-
genic activation of Y AP1 / T AZ-dependent transcription in a
conserved manner. These findings highlight a novel vulnera-
bility in targeting YAP1-driven tumor growth and emphasize
the super-enhancer role of the oncogene IGF2BP1 in foster-
ing hallmark transcription networks in cancer. By uncoupling
multiple potent oncogenic pathways from repressive signal-
ing, including E2F- [ 26 ], MY C / MY CN- [ 17 , 18 ], SRF- [ 25 ],
and the here reported YAP1-driven gene synthesis, IGF2BP1
promotes the activity of the respective transcription networks
by directly enhancing the abundance of transcriptional regu-
lators. This provides a conserved and significant Achilles’ heel
for therapeutic intervention targetable through a single RNA-
binding protein, IGF2BP1. This appears feasible in view of
inhibitors like BTYNB and the recent development of addi-
tional inhibitory small molecule targeting this RNA-binding
protein [ 31 , 34–36 ]. In conclusion, our study provides a strong
rationale to further explore avenues for improving the inhibi-
tion of IGF2BP1, which provides a promising strategy for im-
pairing oncogenic YAP1 activity in the treatment of various
malignancies. 
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