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Abstract
Background: Antiangiogenic tyrosine kinase inhibitors (TKIs) provide one of
the few therapeutic options for effective treatment of hepatocellular carcinoma
(HCC). However, patients with HCC often develop resistance toward antian-
giogenic TKIs, and the underlying mechanisms are not understood. The aim
of this study was to determine the mechanisms underlying antiangiogenic TKI
resistance in HCC.

Abbreviations: HCC, Hepatocellular carcinoma; TME, Tumor microenvironment; TKI, Tyrosine kinase inhibitor; PFS, Progression-free survival; OS,
Overall survival; IGFBP-1, Insulin-like growth factor-binding protein-1; CT, Computed tomography; FBS, Fetal bovine serum; HUVEC, Human
umbilical vein endothelial cells; EGM-2, Endothelial cell growth medium-2; shRNA, Short hairpin RNA; KD, Knockdown; PBS, Phosphate-buffered
saline; HIF, Hypoxia-inducible factor; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; RIPA, Radioimmunoprecipitation assay; SDS-PAGE,
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; HRP, Horseradish peroxidase; IGF-1, Insulin-like growth factor-1; hr, Human
recombinant; VEGF, Vascular endothelial growth factor; FGF, Fibroblast growth factor; FAK, Focal adhesion kinase; DEG, Differentially expressed
gene; CPM, Counts per million; LogFC, Log-fold change; DAVID, Database for Annotation, Visualization and Integrated Discovery; PCNA,
Proliferating cell nuclear antigen; PA, Proliferation/apoptosis; ANOVA, Analysis of variance; CA9, Carbonic anhydrase 9; ERK, Extracellular
signal-regulated kinase; FOXO1, Forkhead box O1.
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Methods: We used an unbiased proteomic approach to define proteins that
were responsible for the resistance to antiangiogenic TKIs in HCC patients. We
evaluated the prognosis, therapeutic response, and serum insulin-like growth
factor-binding protein-1 (IGFBP-1) levels of 31 lenvatinib-treated HCC patients.
Based on the array of results, a retrospective clinical study and preclinical experi-
ments using mouse and human hepatoma cells were conducted. Additionally, in
vivo genetic and pharmacological gain- and loss-of-function experiments were
performed.
Results: In the patient cohort, IGFBP-1 was identified as the signaling molecule
with the highest expression that was inversely associated with overall sur-
vival. Mechanistically, antiangiogenic TKI treatment markedly elevated tumor
IGFBP-1 levels via the hypoxia-hypoxia inducible factor signaling. IGFBP-1
stimulated angiogenesis through activation of the integrin α5β1-focal adhesion
kinase pathway. Consequently, loss of IGFBP-1 and integrin α5β1 by genetic and
pharmacological approaches re-sensitized HCC to lenvatinib treatment.
Conclusions: Together, our data shed light onmechanisms underlying acquired
resistance of HCC to antiangiogenic TKIs. Antiangiogenic TKIs induced an
increase of tumor IGFBP-1, which promoted angiogenesis through activating
the IGFBP-1-integrin α5β1 pathway. These data bolster the application of a new
therapeutic concept by combining antiangiogenic TKIs with IGFBP-1 inhibitors.

KEYWORDS
hepatocellular carcinoma, hypoxia, IGFBP-1, lenvatinib, molecular targeting, resistance,
tyrosine kinase inhibitors

1 BACKGROUND

Hepatocellular carcinoma (HCC) is the most common
hepatic malignancy and the third leading cause of cancer-
related death worldwide [1]. Tumor cells construct self-
sufficient structures with surrounding non-malignant
cells, including endothelial cells, known as the tumor
microenvironment (TME), for their survival and prolifer-
ation [2]. Antiangiogenic tyrosine kinase inhibitors (TKIs)
such as sorafenib and lenvatinib are TME-targeting drugs
that have provided apparent survival benefits to patients
with advancedHCC [3, 4]. Additionally, our previous stud-
ies have shown the clinical utility of these agents; however,
patients’ prognoses remain poor [5–8]. Approximately
80%–90% of patients treated with antiangiogenic TKIs
developed adverse events of any grade, and more than half
of these patients were forced to stop therapy due to severe
adverse events [9]. Antiangiogenic TKI dose reduction
or discontinuation is known to promote tumor metas-
tasis or recurrence, which closely associates with poor
prognosis [10]. The main therapeutic action of antiangio-
genic TKIs is the induction of severe hypoxia in the TME
through tumor vascular density depletion [11]. However,

hypoxia in the TME can aggravate cytokine expression and
induce mutations and epithelial-mesenchymal transition,
resulting in acquired resistance to antiangiogenic TKIs [5,
12-15]. Nonetheless, the potential mechanisms of acquired
resistance to antiangiogenic TKIs remain unclear.
Here, we hypothesized that tumor-derived proteins

induced by hypoxia confered resistance of HCC to antian-
giogenic TKIs. We conducted a retrospective analysis on
patients with advanced HCC treated with antiangiogenic
TKIs and in vitro and in vivo analyses to determine the
mechanisms underlying antiangiogenic TKI resistance in
hepatoma cells.

2 MATERIALS ANDMETHODS

2.1 Patient selection

Cohort 1: We retrospectively evaluated 31 patients with
advanced HCC who were treated with lenvatinib at
Kurume University Hospital (Kurume City, Fukuoka,
Japan) and Iwamoto Internal Clinic (Kitakyushu City,
Fukuoka, Japan) between March 2018 and April 2019 for
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SUZUKI et al. 3

exploring the candidate proteins associated with therapeu-
tic response to antiangiogenic TKI treatment and eval-
uating its ability as a therapeutic/prognostic biomarker.
Cohort 2: We retrospectively evaluated 3 patients who
underwent hepatectomy after lenvatinib treatment and 9
patients who underwent hepatectomy without prior treat-
ment at Kurume University Hospital between July 2019
and December 2020 for evaluating the effect of lenvatinib
treatment on IGFBP-1 expression in resected tumors.
The patient inclusion criteria were as follows: (1) with

histologically or radiologically diagnosed HCC; (2) who
were 18 years of age or older; (3) with Eastern Cooper-
ative Oncology Group performance status ≤1; (4) with
life expectancy ≥12 weeks (without ≥50% liver occupation
and/or obvious portal vein invasion into the trunk). The
exclusion criteria were as follows: (1) with brain metas-
tases or spinal cord compression; (2)with poorly controlled
or refractory hepatic encephalopathy (West Haven criteria;
grade ≥3); (3) with previous gastrointestinal hemorrhage
in the month prior to the beginning of the study and/or
high risk of bleeding.

2.2 Therapeutic assessments for
lenvatinib treatment

Patients received oral lenvatinib (Eisai Co., Ltd., Tokyo,
Japan) at a dose of 12 mg/day (for body weight ≥60
kg) or 8 mg/day (for body weight <60 kg). Therapeutic
response was evaluated using imaging tests according to
themodifiedResponseEvaluationCriteria in Solid Tumors
guidelines [16], and progression-free survival (PFS) and
overall survival (OS) after lenvatinib treatment initiation
were determined. The receiver operating characteristic
curve method for the prediction of long OS (≥median
OS for all patients) was used to determine cutoffs for the
serum level of insulin-like growth factor-binding protein
(IGFBP)-1 before and after lenvatinib treatment as well as
changes in IGFBP-1 levels.

2.3 Definition of computed tomography
(CT) value and changes in the CT value

In all patients, tumors could be confirmed in the arterial
phase; thus, the intratumoral CT value was measured in
this phase. To avoid partial volume calculation errors, a
region of interest in each tumor was selected to achieve
the best tumor visualization, with a maximum circular or
oval area within the tumor. To exclude the influence of
the environment during the examination, the CT value of
the tumor was corrected with the CT value of the aorta
in the same slice. The formula for calculating changes
in the CT value is shown in Supplementary Figure S1A.

Estimated tumor volume was calculated as 0.52 × length
(mm) × width (mm)2.

2.4 Cell lines and culture conditions

The mouse hepatoma cell lines Hep-55.1C and Hepa1-6
were purchased from Cell Lines Service GmbH (Oppen-
heim, Germany) and American Type Culture Collection
(ATCC) (Manassas, VA, USA), respectively. Regarding
human hepatoma cell lines, HuH7 (JCRB0403) and HLF
(JCRB0405) were purchased from the Japanese Collec-
tion of Research Bioresource (JCRB) Cell Bank (Tokyo,
Japan), HepG2 and Hep3B were purchased from ATCC,
and KYN-2 was originally established and maintained at
Department of Pathology, Kurume University School of
Medicine (Kurume, Fukuoka, Japan) [17]. These tumor
cells were maintained in Dulbecco’s modified eagle’s
medium (Gibco by Invitrogen Cell Culture Co., Auckland,
New Zealand) supplemented with 10% heat-inactivated
(56◦C, 30 min) fetal bovine serum (FBS; Biowest, Nuaille,
France), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Nacalai Tesque, Inc., Kyoto, Japan) in a humidified
atmosphere containing 5% CO2 at 37◦C. Human umbil-
ical vein endothelial cells (HUVECs) were purchased
from CAMBREX Bio Science Walkersville, Inc. (Walk-
ersville, MD, USA) and maintained in endothelial cell
growth medium-2 (EGM-2; Clonetics, CA, USA) supple-
mented with 5% heat-inactivated FBS in a humidified
atmosphere containing 5% CO2 at 37◦C. All cell lines
used in our study were authenticated via short tandem
repeat profiling and checked for mycoplasma contami-
nation using the mycoplasma removal kit (#88101-2, DS
Pharma Biomedical, Osaka, Japan).

2.5 IGFBP-1 gene silencing in vitro

Lentiviral transduction particles containing short hair-
pin RNA (control GFP shRNA, #sc-108084 and IGFBP-1
shRNA, # sc-39584-V) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Stable IGFBP-1-
knockdown (KD)HuH7andHepG2 cell lineswere selected
using 1 μg/mLpuromycin (Sigma-Aldrich byMerckKGaA,
Darmstadt, Germany).

2.6 Establishment of the HCC xenograft
mouse models and animal experiments

Micewere purchased fromKyudoKK (Fukuoka, Japan). In
total, 5× 106 Hep-55.1C cells were suspended in phosphate-
buffered saline (PBS) and subcutaneously inoculated into
the flank regions of 5-week-old female C57BL/6J mice
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to establish the Hep-55.1C subcutaneous mouse model;
2 × 105 Hep-55.1C cells were suspended in PBS and
orthotopically inoculated into the left lobe of the liver of 5-
week-old female C57BL/6J mice to establish the Hep-55.1C
orthotopic mouse model.
Five-week-old female nude mice (BALB/c nu/nu) were

housed in specific pathogen-free conditions. In total, 5 ×
106 human tumor cells (HuH7, HepG2, or KYN-2) were
suspended in PBS and subcutaneously inoculated into the
flank regions of the nude mice to establish the HuH7,
HepG2, or KYN-2 subcutaneous mouse model. Similarly,
stable IGFBP-1-KD HuH7 or HepG2 cells were subcuta-
neously inoculated into the nude mice to establish the
IGFBP-1-KDHuH7 or HepG2 subcutaneous mouse model.
When the estimated tumor volume reached 150-200

mm3 in the subcutaneous mouse models or 2 weeks
after transplantation in the orthotopic model, the tumor-
bearing mice were allocated to different treatments (5-6
mice per group). The treatments [lenvatinib, anti-IGFBP-1
neutralizing antibody (#MA5-23727; Thermo Fisher Scien-
tific), andATN-161] were initiated. Detailed treatment data
in each group are given in Supplementary Table S1. The
tumor volumes were measured every 2 days. Mice were
euthanized by cervical dislocation under anesthesia using
isoflurane and pentobarbital at 2 weeks or indicated points
after treatment initiation, and the tumors were resected
and evaluated.

2.7 Evaluation of serum
angiogenesis-related proteins

The relative expression of 55 angiogenesis-related proteins
in serum samples from patients in cohort 1 was detected
using the HumanAngiogenesis Array Kit (#ARY007, R&D
Systems, Minneapolis, MN, USA) according to the man-
ufacturer’s instructions. Serum IGFBP-1 concentration in
31 patients (cohort 1) was measured using an ELISA kit
(#DGB100, R&D Systems). The serum IGFBP-1 concen-
tration in mice was measured using the Igfbp1 (Mouse)
ELISA kit (#KA3054, Abnova, Taipei, Taiwan, China),
via a colorimetric assay according to the manufacturer’s
instructions.

2.8 Hypoxia experiments

Various O2 concentrations (1%, 2%, and 20%) were applied
to a humidified atmosphere containing 5% CO2 at 37◦C
using a CO2/multigas incubator (#APM-30D, ASTEC
Co. Ltd., Fukuoka, Japan). HepG2, HuH7, Hep-55.1C,
KYN-2, Hep3B, and Hepa1-6 cells were seeded onto plates
at a density of 1 × 106 cells/well and incubated for 24
h. After overnight incubation at 37◦C in the serum-free

medium, the medium was changed and incubated for 48
h under normoxia or hypoxia conditions.
For the hypoxia-inducible factor (HIF) inhibitory exper-

iment, we used YC-1 (#AG-CR-0120; AdipoGen Life Sci-
ence, San Diego, CA, USA), an HIF-1α and -2α inhibitor.
Cells (HepG2, HuH7, or Hep-55.1C) were seeded onto
plates at a density of 1 × 106 cells/well and incubated for
24 h. After overnight incubation at 37◦C in the serum-
free medium, the medium was changed and incubated
for 24 h under normoxia condition with 5 μmol/L YC-
1. After incubation, protein and RNA levels of IGFBP-1,
HIF-1α, HIF-2α, and tubulin in these cells were measured
by reverse transcription-quantitative real-time PCR and
Western blotting, respectively.

2.9 Reverse transcription-quantitative
real-time PCR

The extracted RNA from cultured cells or resected mouse
tissues (liver or tumor), using an Isogen kit (Nippon Gene
Co., Ltd, Tokyo, Japan), was reversely transcribed into
cDNA, and quantitative real-time PCR was performed to
detect the mRNA levels of IGFBP-1. Single-strand cDNA
was synthesized using a high-capacity RNA-to-cDNA
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The thermocycling parameters were
as follows: 2 min at 50 ̊C and 10 min at 95 ̊C, followed by 45
cycles of 15 s at 95 ̊C and 1 min at 60 ̊C. Relative quantifi-
cation of gene expression was performed according to the
2−ΔΔCT method [18] using StepOne Software 2.0 (Applied
Biosystems). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the reference for the normalization
of target gene expression data. The primers used were pur-
chased from TaqMan™ (Applied Biosystems, Foster City,
CA, USA) and were as follows: GAPDH, Hs02758991_g1
(#4331182); Gapdh, Mm99999915_g1 (#4331182); IGFBP-
1, Hs00236877_m1 (#4331182); and Igfbp1, Mm005154_m1
(#4331182).

2.10 Western blotting

Resected mice tissues (normal liver or tumor) and cells
(hepatoma or endothelial cells) were homogenized in
radioimmunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific) containing 1% protease inhibitor cock-
tail (Sigma-Aldrich) and 1% phosphatase inhibitor cocktail
(Thermo Fisher Scientific). The protein concentration
was determined using the detergent compatible protein
assay kit (Bio-Rad Laboratories, Inc., Berkeley, CA, USA).
Equal amounts of protein (20 μg) were loaded per lane
onto 10% or 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and the proteins were
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electrophoresed and electrotransferred onto the Fluoro-
Transmembrane (Pall Life Sciences, PortWashington, NY,
USA). Following protein transfer, the membranes were
incubated with the primary antibodies as described in
Supplementary Table S2. Visualization of protein signals
was achieved with the horseradish peroxidase (HRP)-
conjugated secondary antibodies [anti-rabbit IgG, HRP-
conjugated whole Ab (from donkey) (#NA934, 1:10,000,
GE Healthcare Life Sciences, Marlborough, MA, USA)
or anti-mouse IgG, HRP-linked F(ab’)2 fragment (from
sheep) (#NA9310, 1:10,000, GE Healthcare Life Sciences)].
Relative amounts of protein were calculated based on
the luminescent signals in each sample using Multigauge
software (version 3.11, Fujifilm).

2.11 Cell proliferation assay

Cells were seeded onto 96-well plates at a density of 500
cells/well in sextuplicate and incubated in 100 μL culture
medium for 24 h. After overnight incubation at 37◦C in the
serum-freemedium, themediumwas changed. Cell prolif-
eration at various time points (baseline, 24 h, and 48 h) was
determined using Cell Count Reagent SF (Nacalai Tesque)
according to the manufacturer’s protocol.

2.12 Tube formation assay

Tube formation assays were performed using the μ-Slide
Angiogenesis kit (#81506, Ibidi GmbH, Gräfelfing, Ger-
many) according to the manufacturer’s protocol. EGM-2
without hydrocortisone and insulin-like growth factor-1
(IGF-1) were used in these assays. For each assay, HUVECs
were resuspended in media as follows: (1) medium sup-
plementedwith human recombinant IGFBP-1 (hrIGFBP-1;
#871-B1; R&D Systems) at different concentrations (0, 4,
10, and 40 nmol/L); (2) medium supplemented with 2%
FBS and 10 nmol/L hrIGFBP-1 with antiangiogenic TKIs,
including 3 μmol/L lenvatinib (#CS-0109; ChemScene,
Monmouth Junction, NJ, USA), 3 μmol/L sorafenib (#CS-
0164; ChemScene), 1 μmol/L fruquintinib [#S5667; Selleck,
Houston, TX, USA; a vascular endothelial growth fac-
tor (VEGF) receptor-1, -2, and -3 inhibitor], or 1 μmol/L
AZD4547 [#CS-0971; ChemScene; a fibroblast growth fac-
tor (FGF) receptor-1, -2, and -3 inhibitor]; (3) medium
supplemented with 10 nmol/L hrIGFBP-1 and ATN-161
(#S8454; Selleck; an integrin α5β1 inhibitor) or focal adhe-
sion kinase (FAK) inhibitor 14 (#14485; Cayman Chem-
ical, Ann Arbor, MI, USA) at different concentrations
(0, 3, and 10 μmol/L). All cell suspensions were incu-
bated for 12 h before staining with Calcein AM Solution
(1:1,000, #NV011, Fujifilm, Tokyo, Japan). The tubes were
counted using computer-assisted imaging software (Adobe

Photoshop CC 2021 version 22.2.0, Adobe Systems, Inc.,
San Jose, CA, USA).

2.13 Total RNA isolation and RNA
sequencing

The total RNA was isolated from the cultured HUVECs,
whichwere stimulatedwith/without 10 nmol/LhrIGFBP-1
for 3 h, using TRIzol Reagent (Thermo Fisher Scien-
tific) and purified using SV Total RNA Isolation System
(Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. RNA samples were quantified using
a ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA), and the quality was confirmed
with a TapeStation (Agilent Technologies, Inc, Santa Clara,
CA, USA). The sequencing libraries were prepared from
200 ng of RNA with MGIEasy rRNA Depletion Kit and
MGIEasy RNA Directional Library Prep Set (MGI Tech
Co., Ltd., Shenzhen, Guangdong, China) according to the
manufacturer’s instructions. The libraries were sequenced
on the DNBSEQ-G400 FAST Sequencer (MGI Tech) with
a paired-end 150 nt strategy.

2.14 Sequencing data analysis

Quality trimming and adapter clipping of the read data
were performed using Trimmomatic version 0.38 [19].
Trimmed reads were mapped to the transcript in the ref-
erence human hg38 using Bowtie2 aligner within RSEM
[20]. The abundance estimation of genes and isoforms
with RSEM generated basic count data (expected counts).
We used edgeR program to detect differentially expressed
genes (DEGs) [21], and obtained normalized counts per
million (CPM) values, log-fold changes (logFC), and P val-
ues. We then established the criteria for DEGs: P value ≤

0.05 and logFC ≥ 1. The heat map of DEGs was generated
by MeV software [22]. We used a hierarchical cluster-
ing method to sort the genes. The color indicated the
distance from the median of each row. The distance met-
ric was “Pearson correlation”, and the linkage method
was “average linkage clustering”. To identify the signif-
icantly over-represented gene ontology categories and
significantly enriched pathways, we used tools and data
provided by the Database for Annotation, Visualization
and Integrated Discovery (DAVID) [23].

2.15 Immunohistochemical staining

Paraffin-embedded tumor tissue sections from mice
models and human samples (5-μm-thick) were boiled
for 30 min in high-pH target retrieval solution for
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antigen retrieval and subsequently incubated with pri-
mary antibodies and then with secondary antibodies.
These antibodies are listed in Supplementary Table S3.
Nuclei were stained with DAPI (#H-1200, Vector Labo-
ratories, Inc., Burlingame, CA, USA) for counterstaining.
Immunoreactivity was visualized using anti-goat IgG
HRP-conjugated antibody (#HAF109, R&D Systems) and
Liquid DAB+ Substrate Chromogen System (#K3468,
DAKO Japan, Kyoto, Japan). For quantification of
IGFBP-1-positive cells (in 4-7 random fields per section),
CD31-positive tumor microvessels (in 5-10 random fields
per section), and CA9-positive areas (in 4-6 random fields
per section) were counted at a magnification of ×200.
The proliferative and apoptosis indices were defined as
the percentage of tumor cells with nuclei positive for
proliferating cell nuclear antigen (PCNA) and cleaved
caspase-3 staining per 1,000 neoplastic cells, respectively,
counted in 5 fields with 200 tumor cells. The prolifera-
tion/apoptosis (PA) index was calculated as the ratio of the
proliferative index to the apoptosis index. All slides were
examined using a confocal microscope (BZ-X700, Keyence
Corporation, Osaka, Japan). Quantitative analyses were
performed with Adobe Photoshop CC 2021 version 22.2.0.

2.16 Statistical analyses

All data are expressed as means ± standard error of
the mean (SEM). The strength of a linear association
between two variables was measured by the Pearson cor-
relation coefficient. Differences between two groups were
examined for statistical significance using anunpaired Stu-
dent’s t-test, and differences among multiple groups were
examined using one-way analysis of variance (ANOVA),
followed by a Fisher’s least significant difference test.
Receiver operating characteristic curve analysis was also
performed to evaluate the cutoff value and area under
the curve. Kaplan-Meier curves were constructed to deter-
mine OS and PFS in patients with different IGFBP-1 levels
before and after lenvatinib treatment. P values less than
0.05 were considered statistically significant. Data analysis
was performed using JMP Pro 15.0 software (JMP, Tokyo,
Japan).

3 RESULTS

3.1 Comparison between tumor CT
value and serum IGFBP-1 in antiangiogenic
TKI treatment

To detect therapeutic biomarkers of antiangiogenic TKIs
in HCC, we first assessed the changes in serum levels of
angiogenesis-related proteins from several patients (cohort

1) with advanced HCC who were treated with lenvatinib,
a first-line antiangiogenic TKI. Figure 1A shows a rep-
resentative array of data from a patient who responded
well to lenvatinib treatment. Among the 55 evaluated
angiogenesis-related proteins, the levels of IGFBP-1, pen-
traxin 3, leptin, a disintegrin and metalloproteinase with
thrombospondin motif 1, and persephin were significantly
changed by more than 50% compared to serum levels
before the treatment. Levels of representative angiogenic
factors such as VEGF and angiopoietin-2 were not signif-
icantly increased. IGFBP-1 showed the greatest elevation
after lenvatinib treatment compared to other proteins
(Figure 1A, Supplementary Figure S1B). In another patient
with HCC treated with regorafenib, a second-line antian-
giogenic TKI approved for HCC, IGFBP-1 level was also
elevated by more than 50% compared to the baseline
(Supplementary Figure S1C). To validate these findings,
we investigated serum IGFBP-1 levels before and after
lenvatinib treatment in 31 patients with advanced HCC
(cohort 1). The baseline characteristics of these patients
are summarized in Supplementary Table S4. The objec-
tive response rate was 35.5%, and the median OS and PFS
of these patients were 11.1 and 6.2 months, respectively
(Supplementary Figure S1D-E). Notably, serum IGFBP-1
levels in almost all patients were elevated under lenva-
tinib treatment (Figure 1B). The change in serum IGFBP-1
level was negatively correlated with CT value in the target
lesion (Figure 1C). The estimated baseline tumor volume
and TNM stage were not associated with serum IGFBP-1
levels in the clinical data (Supplementary Figure S1F-G).
To corroborate these findings, we collected and immuno-
histochemically evaluated HCC samples from 3 patients
who underwent hepatectomy after lenvatinib treatment
and 9 who underwent hepatectomy without prior treat-
ment (cohort 2). Patient characteristics of cohort 2 and
HCC samples are listed in Supplementary Table S5. Con-
sistent with the results of clinical cohort 1, lenvatinib
significantly increased IGFBP-1 expression in humanHCC
samples, which were obtained from hepatectomy after
lenvatinib treatment (Figure 1D). In addition, lenvatinib-
treated tumors showed ahypoxic state (carbonic anhydrase
9; CA9 staining) with a marked reduction in tumor vessels
(CD31 staining). A significant decrease in tumor cell pro-
liferation and an increase in cell apoptosis were observed
in lenvatinib-treated tumors, leading to a decrease in the
PA index (Supplementary Figure S1H).

3.2 Prognostic biomarker in lenvatinib
treatment

We assessed the association between the level of IGFBP-
1 and the prognosis of patients with HCC treated with
lenvatinib. We found that the baseline serum IGFBP-1
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SUZUKI et al. 7

F IGURE 1 Changes in serum protein levels and CT values with lenvatinib treatment, and association of serum IGFBP-1 levels with
overall survival in patients with HCC. (A) A comprehensive evaluation of angiogenesis-related proteins before and after lenvatinib treatment
(left). The expression levels and rate of change in expression of these proteins after lenvatinib treatment (right). (B) Serum IGFBP-1 level (left)
and CT value (right) before and after lenvatinib treatment in cohort 1 (n = 31; **P < 0.01 vs. pre-lenvatinib treatment, Student’s t-test). (C)
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8 SUZUKI et al.

levels were not associated with the prognosis (Supplemen-
tary Figure S1I). Surprisingly, patients with high serum
IGFBP-1 levels (cutoff: >28.99 μg/mL; area under the
curve, 0.723) after lenvatinib treatment had significantly
worse prognosis than those with low serum IGFBP-1 levels
(Figure 1E).Moreover,medianOSwasmarkedly shortened
in the patients with highly elevated IGFBP-1 levels (cut-
off: increased by more than 2.054 times; area under the
curve, 0.673) under lenvatinib treatment, when compared
to those with slight elevation in IGFBP-1 level (Figure 1F).
A representative time course of changing serum IGFBP-
1 levels and radiological findings of patients treated with
lenvatinib are shown in Figure 1G. Before the adminis-
tration of lenvatinib, an enhanced lesion was detected in
hepatic segment 2. The baseline serum IGFBP-1 level was
low. After administration of lenvatinib, arterial blood flow
to the target lesion was remarkably decreased and serum
IGFBP-1 level was elevated. After consecutive adminis-
tration of lenvatinib, the tumor size gradually increased
(maximum tumor diameter increased from 15 to 28 mm)
with an improvement in arterial blood flow (Figure 1G). In
accordance with tumor growth, serum IGFBP-1 level was
further increased. These findings indicated that lenvatinib-
induced elevation in IGFBP-1 level could be a potential
biomarker to detect the poor prognosis of patients with
HCC.

3.3 Association between lenvatinib
resistance and IGFBP-1 expression in a
mouse xenograft model

To clarify the role of the elevated IGFBP-1 level after lenva-
tinib treatment, we conducted xenograft experiments. The
basal expression of IGFBP-1 in five human hepatoma
cell lines was assessed. Among them, HepG2 (a human
HCC cell line with high IGFBP-1 expression) showed
the highest IGFBP-1 expression (Figure 2A). Interestingly,
IGFBP-1-high HCC (HepG2) xenografts showed signifi-
cant resistance toward lenvatinib treatment (Figure 2B).
Consistent with our clinical findings, tumor IGFBP-1 lev-
els were significantly elevated after lenvatinib treatment
in IGFBP-1-high HCC (HepG2) xenografts (Figure 2C).

Immunohistochemical analyses were conducted to detect
changes in the TME after administration of lenvatinib
(Figure 2D-E). Although a decrease in the number of
proliferative cells was detected, there was no increase
in the number of apoptotic cells in IGFBP-1-high HCC
(HepG2) xenografts treated with lenvatinib. The microves-
sel density (CD31 staining) showed a decreasing trend, and
hypoxia (CA9 staining) was elevated in IGFBP-1-highHCC
(HepG2) xenografts treated with lenvatinib (Figure 2D-E).

3.4 Therapeutic effects of lenvatinib in
HCC xenograft mouse models

Next, we subcutaneously implanted HuH7, a human HCC
cell line with low IGFBP-1 expression (hereafter, IGFBP-
1-low human HCC; Figure 2A), in nude mice (BALB/c
nu/nu), and Hep-55.1C, a mouse HCC cell line with
low IGFBP-1 expression (hereafter, IGFBP-1-low mouse
HCC; Supplementary Figure S2A) in immunocompetent
C57BL/6 mice. Tumor growth was significantly inhibited
by lenvatinib in IGFBP-1-low human HCC (HuH7) and
mouse HCC (Hep-55.1C) models (Figure 3A-B). Tumor
IGFBP-1 levels were significantly increased in the lenva-
tinib group (Figure 3C-D), and serum IGFBP-1 levels were
also elevated in the lenvatinib group (Figure 3E). Sorafenib,
another first-line antiangiogenic TKI, also showed a sim-
ilar effect on mouse HCC xenografts (Figure 3D-E).
Antiangiogenic TKIs significantly induced hypoxia (CA9
staining) in the TME of both IGFBP-1-low human HCC
(HuH7) and mouse HCC (Hep-55.1C) models (Figure 3F-
G). Consistently, markedly increased IGFBP-1-positive
areas were seen in the antiangiogenic TKI-treated group
(Figure 3F-G). The expression of IGFBP-1 in the liver was
not increased in the antiangiogenic TKI group (Supple-
mentary Figure S2B). The proliferative rate of tumor cells
as determined by PCNA was largely decreased by lenva-
tinib treatment (Figure 3F-G). Importantly, the number of
apoptotic cells as measured using cleaved caspase-3 was
substantially increased in lenvatinib-treated HCC, lead-
ing to significantly greater PA index in both IGFBP-1-low
human and mouse HCC models (Figure 3F-G). Similar
findingswere observed in the lenvatinib-treated orthotopic

Changes in serum IGFBP-1 levels were negatively correlated with changes in the CT value in cohort 1 (n = 31; P = 0.020, Pearson correlation
coefficient). (D) Lenvatinib treatment significantly increased IGFBP-1 expression in human HCC samples (**P < 0.01 vs. untreated, Student’s
t-test). (E-F) Kaplan-Meier curves estimating the overall survival of patients with HCC according to high vs. low serum IGFBP-1 levels (cutoff:
28.99 μg/mL) after lenvatinib treatment (E), and high vs. low changes in IGFBP-1 levels (cutoff: 2.054) (F). (G) Representative clinical course
in a patient with advanced HCC who developed acquired resistance to lenvatinib therapy and a patient who did not develop the resistance.
The enhanced computed tomography images at baseline (left), 1 month (middle), and 6 months (right) after lenvatinib treatment initiation
are presented. Red circles indicate the HCC lesion. Data are presented as mean ± SEM.
Abbreviations: HCC, hepatocellular carcinoma; IGFBP-1, insulin-like growth factor-binding protein-1; VEGF, vascular endothelial growth
factor; CT, computed tomography; AFP, alpha-fetoprotein; DCP, des-gamma carboxy prothrombin.
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SUZUKI et al. 9

F IGURE 2 Lenvatinib treatment for the IGFBP-1-high HCC xenograft mouse models. (A) Western blotting analysis of IGFBP-1 protein
levels in five cultured human hepatoma cell lines. (B-E) Assessments in the subcutaneous IGFBP-1-high HCC (HepG2) xenograft mouse
model. (B) Tumor volume measurements (left panel) and representative macrographs of the tumor (right panel) (6 mice per group). (C)
Quantifications of the gene (left) and protein (right) expression levels of IGFBP-1 in the resected tissues (*P < 0.05 vs. VT, Student’s t-test). (D)
Representative micrographs of H&E staining and immunohistochemistry in the VT and lenvatinib groups. (E) Quantification of
IGFBP-1-positive cells (4-7 random fields per section), CD31-positive tumor microvessels (5-10 random fields per section), CA9-positive areas
(4-6 random fields per section), PCNA-positive cells, and cleaved caspase-3-positive cells (*P < 0.05, **P < 0.01 vs. VT, Student’s t-test). Data
are presented as mean ± SEM.
Abbreviations: IGFBP-1, insulin-like growth factor-binding protein-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, no
significance; VT, vehicle treatment; CA9, carbonic anhydrase 9; PCNA, proliferating cell nuclear antigen; Cle caspase-3, cleaved caspase-3;
PA, proliferation/apoptosis.

HCC mouse model (Supplementary Figure S2C-G). These
data show that antiangiogenic TKI transcriptionally and
translationally induces IGFBP-1 in HCC tumors. Taken
together, the expression level of IGFBP-1 in hepatoma
cell lines was significantly associated with the therapeutic
efficacy of antiangiogenic TKI.

3.5 Hypoxia promoted tumor IGFBP-1
expression

To investigate the mechanism of IGFBP-1 level elevation,
we employed in vitro assessments. Although lenvatinib
treatment downregulated the expression level of IGFBP-
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10 SUZUKI et al.

F IGURE 3 Antiangiogenic TKI treatment in the IGFBP-1-low HCC xenograft mouse models. (A-B) Tumor volume measurements (left
panel) and representative macrographs of the tumor (right panel; 5-6 mice per group) in the subcutaneous IGFBP-1-low human HCC (HuH7)
xenograft mouse model (A) and those in the subcutaneous IGFBP-1-low mouse HCC (Hep-55.1C) xenograft mouse model (B), respectively.
(C-D) Quantification of the gene (left) and protein (right) expression levels of IGFBP-1 in the resected tissues from IGFBP-1-low human HCC
(HuH7) (C) and mouse HCC (Hep-55.1C) xenograft mouse models (D), respectively (*P < 0.05, **P < 0.01 vs. VT, Student’s t-test or one-way
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SUZUKI et al. 11

1 in HUVECs or HCC (HepG2 and Hep-55.1C) cells
(Figure 4A, Supplementary Figure S3), hypoxia signifi-
cantly induced IGFBP-1 expression in all hepatoma cell
lines (Figure 4B, Supplementary Figure S4). Promoted
tumor IGFBP-1 expression by hypoxia stimulation was
suppressed by addition of YC-1, a HIF-1α and -2α inhibitor,
in both mouse and human HCC cell lines (Figure 4C-E).
These data indicated that tumor IGFBP-1 expression was
upregulated by the activation ofHIF-1α and -2α, whichwas
caused by TKI-induced hypoxia in the TME.

3.6 Functional analysis of IGFBP-1 in
antiangiogenic TKI resistance

Concerning functional insights, we evaluated whether
tumor-secreted IGFBP-1 acted in an autocrine and/or
paracrine manner to participate in tumor cell survival
and proliferation. We performed proliferation assays
using hrIGFBP-1 stimulation in IGFBP-1-low human HCC
(HuH7), IGFBP-1-high human HCC (HepG2) cells, and
HUVECs under normoxic and hypoxic conditions. We
found that hrIGFBP-1 did not accelerate tumor cell pro-
liferation, but significantly accelerated the proliferation
of HUVECs (Figure 5A). Moreover, this effect was well-
preserved even under exposure to lenvatinib (Figure 5B).
To further investigate the function of IGFBP-1 in angio-
genesis, we performed a tube formation assay with
hrIGFBP-1 stimulation. The number of tubes was signifi-
cantly increased with hrIGFBP-1 stimulation (Figure 5C).
Interestingly, hrIGFBP-1 promoted tube formation under
exposure to lenvatinib or sorafenib (Figure 5D).
To clarify which signaling pathway played a key role in

promoting tube formation under antiangiogenic TKI expo-
sure, we performed tube formation assays using fruquin-
tinib (a VEGFR-1, -2, and -3 inhibitor) or AZD4547 (an
FGF receptor-1, -2, and -3 inhibitor). hrIGFBP-1 promoted
endothelial cell proliferation and tube formation even
under the blockade of VEGF or FGF signaling (Figure 5D).
These results suggested that IGFBP-1 was able to induce
tumor angiogenesis in a VEGF- and FGF-independent
manner.

3.7 IGFBP-1 promoted angiogenesis
through the integrin α5β1/FAK/ERK
pathway

To characterize the molecular signaling pathway in
endothelial cells, we treated HUVECs with hrIGFBP-1
and then performed RNA sequencing analysis. From the
gene ontology enrichment analysis, 12 pathways were
significantly enriched in hrIGFBP-1-stimulated HUVECs,
such as “angiogenesis,” “positive regulation of fibrob-
last proliferation,” “positive regulation of endothelial cell
proliferation,” and “blood vessel development,” com-
pared to untreated HUVECs (Supplementary Table S6).
Pathway analysis revealed that hrIGFBP-1 increased cell
signaling including Ras signaling, phosphatidylinositol-3
kinase/protein kinase B, Janus kinase/signal transducer
and activator of transcription, Wnt, and transforming
growth factor-β signaling (Supplementary Figure S5). A
previous study reported that IGFBP-1 promoted cell pro-
liferation through the integrin α5β1/FAK/extracellular
signal-regulated kinase (ERK) cascade [24]. Addition of
hrIGFBP-1 markedly activated FAK phosphorylation after
5 min of stimulation, followed by a marked increase
in ERK phosphorylation after 15 min of stimulation
(Figure 5E). Strikingly, the effects of IGFBP-1 on pro-
liferation and angiogenesis were markedly inhibited by
either integrinα5β1 or FAK inhibitors (Figure 5F-G).More-
over, either integrin α5β1 or FAK inhibitors suppressed
the proliferation and angiogenesis of HUVECs indepen-
dent of lenvatinib treatment (Supplementary Figure S6).
These findings suggested that IGFBP-1 promoted HUVEC
proliferation and tube formation through the integrin
α5β1/FAK/ERK signaling cascade. Therefore, IGFBP-1
independently increased tube formation under the block-
ade of VEGF and FGF signaling.

3.8 Genetic ablation of IGFBP-1
sensitized HCC to lenvatinib treatment

To determine the role of IGFBP-1 in antiangiogenic
TKI resistance, we generated IGFBP-1-KD HCC in both

ANOVA). (E) Serum IGFBP-1 levels in the subcutaneous IGFBP-1-low mouse HCC (Hep-55.1C) xenograft mouse model (*P < 0.05 vs. VT,
one-way ANOVA). (F-G) Representative micrographs of tumor tissues with H&E staining from IGFBP-1-low human HCC (HuH7) (F) and
mouse HCC (Hep-55.1C) xenograft mouse models (G) after indicated treatments. Arrows indicate IGFBP-1-positive cells, and arrowheads
indicate CD31-positive tumor microvessels. Quantification of IGFBP-1-positive cells (4-7 random fields per section), CD31-positive tumor
microvessels (5-10 random fields per section), CA9-positive areas (4-6 random fields per section), PCNA-positive cells, and cleaved
caspase-3-positive cells in the IGFBP-1-low human HCC (HuH7) (F) and mouse HCC (Hep-55.1C) tumors (G) (*P < 0.05, **P < 0.01 vs. VT,
Student’s t-test or one-way ANOVA). Data are presented as means ± SEM.
Abbreviations: IGFBP-1, insulin-like growth factor-binding protein-1; HCC, hepatocellular carcinoma; VT, vehicle treatment; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; CA9, carbonic anhydrase 9; PCNA, proliferating cell nuclear antigen; Cle caspase-3, cleaved
caspase-3; PA, proliferation/apoptosis.

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12411 by C

ochraneC
hina, W

iley O
nline L

ibrary on [05/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 SUZUKI et al.

F IGURE 4 Tumor IGFBP-1 level is increased by molecular targeted agent-induced upregulation of HIF-1α and -2α expression. (A)
IGFBP-1 expression in HUVECs under 24 h lenvatinib stimulation. (B) Quantification of the IGFBP-1 gene expression under 24 h of normoxia
(20% O2) or hypoxia (1% O2) in IGFBP-1-high human HCC (HepG2)/IGFBP-1-low human HCC (HuH7) and IGFBP-1-low mouse HCC
(Hep-55.1C) cells (n = 4, **P < 0.01, ***P < 0.001 vs. normoxia, Student’s t-test). (C-E) Quantification of the IGFBP-1 protein expression under
24 h of hypoxia condition with/without 5 μmol/L of HIF inhibitor stimulation in HepG2 (D), HuH7 (E), and Hep-55.1C cells (F) (n = 4, *P <
0.05, **P < 0.01, and ***P < 0.001).
Abbreviations: IGFBP-1, insulin-like growth factor-binding protein-1; HUVEC, human umbilical vein endothelial cells; HIF,
hypoxia-inducible factor; HCC, hepatocellular carcinoma.
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SUZUKI et al. 13

F IGURE 5 Functions of IGFBP-1 on tumor cells and endothelial cells. (A) The effect of hrIGFBP-1 on the proliferation of IGFBP-1-low
human HCC (HuH7), IGFBP-1-high human HCC (HepG2) cells and HUVECs under normoxia and hypoxia for 48 h (n = 6 per group; *P <
0.05 vs. control, one-way ANOVA). (B) The effect of hrIGFBP-1 (10 nmol/L) on the proliferation of HUVECs in normoxia (20% O2; left) or
hypoxia (2% O2; right) under lenvatinib exposure for 48 h (n = 6 per group; *P < 0.05, **P < 0.01, one-way ANOVA). (C) Quantification of the
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14 SUZUKI et al.

IGFBP-1-low (HuH7) and IGFBP-1-high (HepG2) human
HCC models (Supplementary Figure S7A-C). IGFBP-1-
low HCC (HuH7) xenografts became more sensitized to
lenvatinib by IGFBP-1 KD (Figure 6A). After lenvatinib
treatment, tumor IGFBP-1 expression was markedly lower
in IGFBP-1-KD HepG2 xenografts than in IGFBP-1-WT
HepG2 xenografts (Supplementary Figure S7D). Strik-
ingly, lenvatinib-resistant IGFBP-1-high HCC (HepG2)
xenografts also became sensitized to lenvatinib by IGFBP-
1 KD (Figure 6B). Lenvatinib-treated IGFBP-1-KD tumors
showed a marked reduction in the microvessel density
(CD31 staining) and were extremely hypoxic (CA9 stain-
ing). In addition, a significant decrease in tumor cell pro-
liferation and an increase in cell apoptosis were observed
in the lenvatinib-treated IGFBP-1 KD groups, leading to
a decrease in the PA index (Figure 6C-H). Thus, we
uncovered that reducing IGFBP-1 expression increased the
sensitivity of HCC to lenvatinib by inhibiting its effect on
angiogenesis.

3.9 Pharmacological IGFBP-1 blockade
sensitized HCC to lenvatinib treatment

To determine whether the IGFBP-1/integrin α5β1 sig-
nal is a potential therapeutic target in combination with
antiangiogenic TKI treatment, we employed a pharma-
cological IGFBP-1 signaling inactivation approach using
an anti-IGFBP-1 neutralizing antibody or an integrin α5β1
inhibitor, a receptor for IGFBP-1, in combination with
lenvatinib in IGFBP-1-high HCC (HepG2) (Figure 7A).
Notably, the addition of anti-IGFBP-1 neutralizing anti-
body or integrin α5β1 inhibitor contributed to a sig-
nificant reduction in the growth of lenvatinib-resistant
HCC (Figure 7B). The combination of lenvatinib with
the anti-IGFBP-1 neutralizing antibody or integrin α5β1
inhibitor significantly inhibited tumor angiogenesis com-
pared with lenvatinib monotherapy, which promoted sig-
nificant hypoxia in the tumor (Figure 7C-D). Similar
to the genetic loss-of-function experiments, a significant
decrease in tumor cell proliferation and an increase in

cell apoptosis were observed after the combination ther-
apy, leading to a decrease in the PA index, compared with
lenvatinib monotherapy (Figure 7E-F). Although IGFBP-
1-high HCC (HepG2) xenografts were originally resistant
to lenvatinib treatment, we demonstrated that the addition
of IGFBP-1 or integrin α5β1 blockade reversed lenvatinib
resistance. Considering that HepG2 is a hepatoblastoma
cell line, we performed similar in vivo experiments using
KYN-2, which was an IGFBP-1-high human HCC cell
line (Figure 2A), to match clinical practice. Remarkably,
the combination treatment of anti-IGFBP-1 antibody or
integrin α5β1 inhibitor with lenvatinib contributed to a
significant tumor reduction in the subcutaneous KYN-2
xenograft mouse model (Supplementary Figure S8A-B).
Again, a significant decrease in tumor cell proliferation
and increase in cell apoptosis were observed in the com-
bination treatment groups, leading to a decrease in the PA
index, compared with the lenvatinib monotherapy group
(Supplementary Figure S8C-D). These data supported
that the combination therapy of antiangiogenic TKIs and
IGFBP-1 blockade could be a promising treatment for
antiangiogenic TKI-resistant HCCs.

3.10 Additional therapeutic effects of
IGFBP-1 signaling blockades on long-term
lenvatinib-treated HCC xenograft mouse
model

In the IGFBP-1-low human HCC (HuH7) xenograft mouse
model experiment, two weeks of lenvatinib treatment
elevated IGFBP-1 expression in the xenografted HCC tis-
sues; however, the tumors were still sensitive to lenvatinib
(Figure 3). Therefore, to increase clinical relevance, addi-
tional experimentation with long-term lenvatinib admin-
istration in the subcutaneous IGFBP-1-low HCC (HuH7)
xenograft mouse model was conducted. When the tumor
growth was accelerated, combination therapies were ini-
tiated (Supplementary Figure S9A-B). Notably, a combi-
nation of anti-IGFBP-1 antibody or integrin α5β1 inhibitor
with lenvatinib contributed to a significant reduction even

tube formation numbers stimulated with hrIGFBP-1 (n = 3 per group) (**P < 0.001 vs. control, one-way ANOVA). (D) The HUVEC
angiogenesis (left) and proliferation (right) under exposure to antiangiogenic TKIs and 10 nmol/L hrIGFBP-1 (*P < 0.05, **P < 0.01, one-way
ANOVA). (E) p-FAK level is upregulated with 5 min hrIGFBP-1 (10 nmol/L) stimulation and p-ERK level is upregulated by 15 min hrIGFBP-1
(10 nmol/L) stimulation. (F) The accelerated proliferation of HUVECs by hrIGFBP-1 (10 nmol/L) stimulation is reduced by the integrin α5β1
inhibitor or FAK inhibitor (n = 6 per group). (G) Representative micrographs of the cavities (left) and quantification of the number of tubes in
the cavities (right). Angiogenesis promoted by 10 nmol/L hrIGFBP-1 is significantly reduced by the integrin α5β1 inhibitor (3 μmol/L) or FAK
inhibitor (10 μmol/L) (n = 3 per group; *P < 0.05, one-way ANOVA). Data are presented as means ± SEM.
Abbreviations: IGFBP-1, insulin-like growth factor-binding protein-1; HCC, hepatocellular carcinoma; hrIGFBP-1, human recombinant
IGFBP-1; HUVEC, human umbilical vein endothelial cells; TKI, tyrosine kinase inhibitor; DMSO, dimethyl sulfoxide; VEGF, vascular
endothelial growth factor; FGF, fibroblast growth factor; FAK, focal adhesion kinase; ERK, extracellular signal-regulated kinase; p-FAK,
phospho-FAK; p-ERK, phospho-ERK; VT, vehicle treatment; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, no significance.
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SUZUKI et al. 15

F IGURE 6 Genetic loss-of-function experiment of IGFBP-1. (A-B) Quantification of tumor weight (left panel), representative
macrographs (right upper panel), and tumor volume measurements (right lower panel) in the IGFBP-1-low (HuH7; A) and subcutaneous
IGFBP-1-high (HepG2; B) human HCC xenograft mouse model (5-6 mice per group). (C-D) Representative micrographs of H&E staining,
CD31-positive tumor microvessels, CA9-positive areas, PCNA-positive cells, and cleaved caspase-3-positive cells in the IGFBP-1-low (HuH7;
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16 SUZUKI et al.

in the lenvatinib-resistant HCC (Supplementary Figure
S9A-B). Strikingly, continued lenvatinib treatment until
HCC acquired resistance to lenvatinib led to an inverse
in the IGFBP-1 expression levels in the xenografted HCC
(Supplementary Figure S9C).

4 DISCUSSION

In this study, we uncovered that serum IGFBP-1 eleva-
tion could potentially be a biomarker of poor prognosis
for patients with advanced HCC after antiangiogenic
TKI treatment. in vitro and in vivo experiments demon-
strated that antiangiogenic TKI-induced hypoxia increased
IGFBP-1 expression through activation of HIF-1α and -2α.
Tumor-derived IGFBP-1 induced tumor angiogenesis by
activating integrin α5β1/FAK/ERK signaling, even when
VEGF and FGF signaling were inhibited. Furthermore, in
vivo IGFBP-1-targeted genetic and pharmacological loss-
of-function experiments revealed that IGFBP-1 played an
important role in antiangiogenic TKI resistance. These
data bolster the application of the combination ther-
apy using antiangiogenic TKIs and IGFBP-1 blockade for
effectively treating HCC.
Approval of antiangiogenic TKIs has contributed sig-

nificantly to survival benefits in patients with advanced
HCC [25], but the maximum benefits from these drugs
have not been attained owing to the lack of validated ther-
apeutic/prognostic biomarkers. Although several serum
proteins such as VEGF, FGF, IGF-1, and angiopoietin-
2 have been demonstrated as prognostic biomarkers for
patients with HCCwho received antiangiogenic TKI treat-
ments, most were evaluated only at baseline [3, 26-28].
Furthermore, the expression of these proteinswas very low
and hence not suitable for evaluation. Recently, a study has
shown that a high serum IGFBP-1 level was a potential
diagnostic marker of high accuracy for upper gastroin-
testinal cancers [29]. Another study has shown that low
IGFBP-1 levels in HCC tissues were associated with poor
prognosis in patients with HCC who had undergone hep-
atic resection [30]. It has been reported that early changes
in FGF-19 and angiopoietin-2 levels could be predictive
biomarkers of clinical response to lenvatinib in patients
with HCC [28], and an increase in circulating FGF-23 level
at 15 days after the initiation of lenvatinib treatment could

be a therapeutic biomarker for patients with thyroid can-
cer [31]. Contrastingly, our findings revealed that serum
IGFBP-1 levels at 4 weeks after the initiation of lenvatinib
treatment were associated with poor prognosis. Addition-
ally, the results from a clinical case (Figure 1G) in which
IGFBP-1 expression was measured over time showed that
the level of IGFBP-1 was further elevated even after the
patients became resistant to lenvatinib. Furthermore, we
have uncovered that antiangiogenic TKI-induced IGFBP-1
level elevationwas involved in the acquisition of antiangio-
genic TKI resistance and poor prognosis in patients with
HCC.
IGFBP-1 is known to confer spatial and temporal reg-

ulation of IGF-1 bioavailability. It modulates migratory
and/or proliferative responses in different types of cells
in an IGF-1-independent manner, predominantly through
interaction between the RGD (Arg-Gly-Asp) motif within
its C-terminal domain and integrin α5β1 [24]. Several
studies have demonstrated that IGFBP-1 initiated mor-
phological changes in tumor cells, such as prolifera-
tion, epithelial-mesenchymal transition, and acquisition
of motility [32–35]. However, hrIGFBP-1 did not regulate
proliferation in hepatoma cells in the present study. It
has been reported that IGFBP-1 in the liver tissues has a
survival-promoting function by antagonizing the proapop-
totic actions of p53 in the mitochondria [36]. Therefore,
these findings suggest that IGFBP-1 secreted from tumor
cells may not be involved in the survival or proliferation of
hepatoma cells in an autocrine manner.
In the present study, the elevation in serum IGFBP-1

levels at 4 weeks after initiating lenvatinib treatment
reflected intratumoral ischemia, indicating that these
patients responded well to lenvatinib; however, high
serum IGFBP-1 levels at that time were associated with
poor prognosis. Concerning these contrasting findings, we
thought that tumor cells acquired resistance to antiangio-
genic TKIs through severe hypoxia in theTMEand escaped
this condition by elevation in the expression of IGFBP-1 as
the downstream protein of HIF-1α and -2α signaling [24,
37, 38]. Consistent with the previous report that hypoxia
stimulation increased IGFBP-1 expression in HepG2 cells
[39], we demonstrated that antiangiogenic TKIs indirectly
increased IGFBP-1 levels inHCC cell lines. The underlying
mechanism of this effect was that antiangiogenic TKIs
induced severe tumor hypoxia due to the inhibition of

C) and IGFBP-1-high (HepG2; D) human HCCs in each treatment group. Arrowheads indicate CD31-positive tumor microvessels in the tumor
microenvironment. (E, F) Quantification of CD31-positive tumor microvessels (5-10 random fields per section), CA9-positive areas (4-6
random fields per section), PCNA-positive cells, and cleaved caspase-3-positive cells in the IGFBP-1-low (HuH7; E) and IGFBP-1-high
(HepG2; F) tumors (*P < 0.05, **P < 0.01, one-way ANOVA). (G-H) Western blotting analysis of CA9 protein levels in the IGFBP-1-low
(HuH7; G) and IGFBP-1-high tumors (HepG2; H). Data are presented as means ± SEM.
Abbreviations: IGFBP-1, insulin-like growth factor-binding protein-1; HCC, hepatocellular carcinoma; WT, wild type; KD, knockdown; CA9,
carbonic anhydrase 9; PCNA, proliferating cell nuclear antigen; Cle caspase-3, cleaved caspase-3; PA, proliferation/apoptosis.
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SUZUKI et al. 17

F IGURE 7 Pharmacological loss-of-function experiments using anti-IGFBP-1 neutralizing antibody and integrin α5β1 inhibitor. (A) A
diagram showing potential pharmacological targets (anti-IGFBP-1 neutralizing antibodies or integrin α5β1 inhibitors) in antiangiogenic TKI
treatment. (B) Tumor volume measurements of subcutaneous IGFBP-1-high human HCC (HepG2) xenograft mouse model at the indicated
time points in each indicated treatment group (5-6 mice per group). (C-D) Representative micrographs of H&E staining, CD31-positive tumor
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tumor angiogenesis-activatedHIF-1α and -2α.We observed
that IGFBP-1 enhanced angiogenesis and HUVEC pro-
liferation via the integrin α5β1/FAK/ERK signaling
cascade, and these effects were well-preserved even under
antiangiogenic TKI exposure. These findings support that
IGFBP-1 contributed to antiangiogenic TKI resistance
in tumors. in vitro analyses clarified that the hypoxic
responsiveness of HIF-1α- and -2α-mediated IGFBP-1 level
elevation differed depending on the cell type. It is known
that forkhead box O1 (FOXO1), one of the factors that
activate the promoter of IGFBP-1, encodes a transcription
factor that regulatesmetabolic homeostasis in the presence
of oxidative stress and thatFOXO1 genewas altered in 1.11%
[e.g., FOXO1mutation (0.85%), FOXO1 loss (0.30%), FOXO1
amplification (0.17%), FOXO1-FGFR1 fusion (0.29%), and
FOXO1 fusion (0.11%)] of patients with malignant solid
tumors [40, 41]. Thus, it is suggested that upstream
genetic alterations regulating IGFBP-1 expression may
lead to differences in cytoplasmic changes in response to
hypoxic stimuli. Therefore, this variation might reflect the
differences in antiangiogenic TKI resistance in clinical
cases. It is known that once IGFBP-1 forms a complex with
BAK, the formation of a proapoptotic p53/BAK complex
and apoptosis induction are impaired [36]. Consistent
with the study, in vitro experiments using endothelial
cells and gene ontology enrichment analysis revealed
that IGFBP-1 enriched “negative regulation of apoptosis.”
Thus, it is also possible that IGFBP-1 may be involved in
lenvatinib resistance by affecting not only angiogenesis
but also antiapoptotic effect under antiangiogenic TKIs.
The combination of atezolizumab and bevacizumab

has recently been approved as the first-line HCC treat-
ment showing superiority in OS and PFS over sorafenib
treatment [42]. Although antiangiogenic TKIs have pro-
vided enormous survival benefits to patients with HCC
[25, 43], devising optimal treatment strategies using sys-
temic chemotherapy for HCC is becoming increasingly
complex. Although various antiangiogenic TKIs have
been approved for HCC treatment, the general therapeu-
tic action of antiangiogenic TKIs involves inducing the
TME into severe hypoxia via its antiangiogenic effects
[44]. We discovered that IGFBP-1 expression, upregulated
by hypoxia in tumors, was involved in the acquisition
of antiangiogenic TKI resistance, through which tumors
exerted antiangiogenic TKI-independent neoangiogenic
effects. Thus, in antiangiogenic TKI-centered systemic

chemotherapy for HCC, antiangiogenic TKI-induced ele-
vation in serum IGFBP-1 level might be useful as an
early therapeutic biomarker for poor prognosis. Moreover,
the present study proposed that combining antiangiogenic
TKIs and an IGFBP-1 inhibitor could be a promising treat-
ment strategy for HCC because it might suppress the
acquired resistance to antiangiogenic TKIs in tumors.
Nonetheless, this study has several limitations. It was

a retrospective study with a limited number of patients
with advanced HCC treated with lenvatinib. Regarding the
exploration of target proteins, we used a limited number of
protein assays (covering only 55 angiogenesis-related pro-
teins). For a more comprehensive and objective analysis,
multiplex immunoassays, such as xMAP R© (Luminex Cor-
poration, Austin, TX, USA) or O-link proximity extension
assay (Olink Proteomics AB, Uppsala, Sweden), should be
conducted in the future. Additionally, we only evaluated
a few antiangiogenic TKIs approved for HCC treatment.
Lastly, lenvatinib-induced elevation in serum IGFBP-1
level was evaluated at only one time point after treatment
initiation. In the future, a prospective study with a large
number of cases treated with several antiangiogenic TKIs
and antibody preparations, including atezolizumab and
bevacizumab, is warranted for evaluating IGFBP-1 as a
prognostic biomarker for HCC.

5 CONCLUSIONS

We showed that antiangiogenic TKI-induced hypoxia
increased the expression of IGFBP-1, which was involved
in the resistance to antiangiogenic TKI treatments
in patients with advanced HCC. IGFBP-1 could be a
biomarker of poor prognosis in patients with advanced
HCC after antiangiogenic TKI therapy. Furthermore,
genetic or pharmacological suppression of IGFBP-1 activ-
ity along with exposure to antiangiogenic TKIs exerted
additional antitumor effects, indicating a promising
treatment strategy for patients with advanced HCC.
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