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Abstract: Glioblastoma (GBM) is the most lethal brain cancer, causing inevitable deaths of patients
owing to frequent relapses of cancer stem cells (CSCs). The significance of the NOTCH signaling
pathway in CSCs has been well recognized; however, there is no NOTCH-selective treatment appli-
cable to patients with GBM. We recently reported that Jagged1 (JAG1), a NOTCH ligand, drives a
NOTCH receptor-independent signaling pathway via JAG1 intracellular domain (JICD1) as a crucial
signal that renders CSC properties. Therefore, mechanisms regulating the JICD1 signaling pathway
should be elucidated to further develop a selective therapeutic regimen. Here, we identified annexin
A2 (ANXA2) as an essential modulator to stabilize intrinsically disordered JICD1. The binding of
ANXA2 to JICD1 prevents the proteasomal degradation of JICD1 by heat shock protein-70/90 and
carboxy-terminus of Hsc70 interacting protein E3 ligase. Furthermore, JICD1-driven propagation and
tumor aggressiveness were inhibited by ANXA2 knockdown. Taken together, our findings show that
ANXA2 maintains the function of the NOTCH receptor-independent JICD1 signaling pathway by
stabilizing JICD1, and the targeted suppression of JICD1-driven CSC properties can be achieved by
blocking its interaction with ANXA2.

Keywords: JAG1; JICD1; ANXA2; Glioblastoma; cancer stem cell

1. Introduction

Glioblastoma (GBM) is the most lethal and common cancer of the central nervous
system. Patients with GBM have a remarkably poor prognosis, with a median survival
of 12–15 months and a 5-year survival rate of 5.1% [1]. The major cause of morbidity
in patients with GBM is the limited availability of therapeutic options [2]. To date, anti-
cancer therapy for GBM relies entirely on surgical bulk resection followed by concomitant
temozolomide and radiation therapy, with prolonged survival of only by 2–3 months [3].
Therefore, it is necessary to develop effective therapeutic modalities for GBM.

Cancer initiation and propagation are dominated by a small subset of tumor-initiating
cells called cancer stem cells (CSCs) [4]. Moreover, CSCs can differentiate into clones with
diverse characteristics, resulting in intratumoral heterogeneity, which is a prominent feature
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of high-grade tumors [5]. However, there is no available anti-cancer therapy targeting
CSCs [6]; therefore, understanding essential signaling pathways involved in the maintenance
and survival of CSCs would enable the development of effective anti-cancer treatments.

The NOTCH signaling pathway is an essential regulator of CSC maintenance [7,8].
The canonical NOTCH pathway is triggered by ligand–receptor interactions and is highly
regulated in a context-dependent manner. NOTCH undergoes serial cleavages mediated
by A disintegrin and metalloprotease 10 (ADAM10)- or ADAM17/tumor necrosis factor
α-converting enzyme and γ-secretase in the transmembrane domain, releasing NOTCH intra-
cellular domain (NICD) from the plasma membrane (Supplementary Figure S1A) [7,8]. NICD
then enters the nucleus to form a complex with centromere-binding protein 1/suppressor of
hairless/lag-1 and mastermind-like protein, which directly regulate the expression of NOTCH
downstream target genes [7,8].

Since the first clinical trial for T-cell acute lymphoblastic leukemia and acute myeloid
leukemia in 2006, a variety of NOTCH-targeting drugs, such as γ-secretase inhibitors (GSIs)
and antibodies, have been developed and evaluated for clinical applications [8,9]. However,
NOTCH blockade using GSIs may result in unexpected adverse effects because GSIs not
only inhibit the processing of NOTCH, but also affect the cleavage of other transmembrane
proteins [10].

Notably, ICDs of NOTCH ligands, JAG (JAG1 and JAG2) and delta-like (DLL; DLL1,
DLL3, and DLL4) families, can be released by the cleavage of ADAM10/17 and γ-secretase
as well, under the regulation of various oncogenic signaling pathways (Supplementary
Figure S1A) [10,11]. Notably, our previous study showed that JAG1 intracellular domain
(JICD1) constitutes a transcriptional complex with DEAD-box helicase 17 (DDX17)/SMA-
and MAD-related protein 3 (SMAD3)/TGFB-induced factor homeobox 2 (TGIF2) to pro-
mote the expression of the sex-determining region Y-box 2 (SOX2), which plays a crucial
role in acquiring and maintaining CSC properties, including sphere-forming ability, inva-
siveness, and resistance to anti-cancer therapies in GBM [11].

JICD1 is an intrinsically disordered protein (IDP) that lacks a fixed or ordered three-
dimensional structure [12]. IDPs adopt a fixed three-dimensional structure after binding to
other proteins or macromolecules [12–14]. IDPs have unique functions, structures, interac-
tions, and regulatory mechanisms that differ from structured proteins in many ways [14,15].
The abundance of IDPs in cells is strictly controlled for precise signal transduction in space
and time, and the aberrant quantitative regulation or mutation of IDPs is associated with
disease [13,15].

In the present study, we sought to identify the mechanism regulating the JICD1
signaling pathway. As a result, we discovered that annexin A2 (ANXA2) was an essential
regulator of JICD1 stabilization by protecting against heat shock protein (HSP)-mediated
proteasomal degradation.

2. Results
2.1. ANXA2 Binds to JICD1 to Regulate JICD1-Driven CSC Properties

To verify the molecular mechanism by which the JICD1 signaling pathway is regulated,
we screened for proteins that bind to JICD1 using an unbiased approach. We assessed the
results of immunoprecipitation (IP) against hemagglutinin (HA) in the LN18 GBM cell line
expressing JICD1-HA-FLAG (LN18 JICD1-HA-FLAG) (Supplementary Figure S1A) [11].
The LN18 cell line, derived from the GBM tissue of a patient, has been generally used
to model the GBM in vitro. The cell line harbors a point mutation in the TP53 gene and
is deleted of the CDKN2A gene, recapitulating the human GBM having cellular context
driven by such somatic alterations [16]. We identified 43 JICD1-binding proteins via mass
spectrometry (MS) (Supplementary Figure S1B).

Next, we conducted a bioinformatics analysis to select the JICD1-binding protein
associated with the JICD1 signaling pathway in cancer. We calculated the correlation of gene
expression between genes encoding each JICD1-binding protein and JAG1 using a single cell
RNA sequencing (scRNA-seq) database of patient-derived GBM samples [17]. Thirty-one
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genes were positively or negatively correlated with JAG1 expression (Figure 1A). Similarly,
we investigated the correlation of protein levels between JICD1-binding proteins and JAG1
in proteomics datasets from Cancer Cell Line Encyclopedia (CCLE). Twenty-eight proteins
were significantly correlated with JAG1 expression (Figure 1A). We also conducted patient
survival analysis using three different clinical datasets, the Cancer Genome Atlas (TCGA),
the Repository for Molecular Brain Neoplasia Data (REMBRANDT), and Gravendeel,
to identify the JICD1-binding protein that affects patient prognosis (Figure 1A). Four
JICD1-binding proteins, ANXA2, heat shock protein family A member 5 (HSPA5), protein
disulfide-isomerase family A member 4 (PDIA4), and PDIA6, were selected for all analyses.
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Figure 1. Annexin A2 (ANXA2) regulates JAG1 intracellular domain (JICD1)-driven CSC properties
via interaction with JICD1. (A) The selection scheme of JICD1-binding protein using clinical databases.
(B) Limiting dilution sphere-forming assay performed using LN18 cells expressing JICD1-HA-FLAG
(LN18 JICD1-HA-FLAG) following the knockdown of genes encoding each JICD1-binding protein
(ANXA2, protein disulfide-isomerase family A member 4 (PDIA4), PDIA6, and heat shock protein
family A member 5 (HSPA5). *** p < 0.001. (C) Immunoprecipitation against HA and FLAG in
HEK293T cells transduced with JICD1-HA and ANXA2-FLAG. (D) Microscopic images showing the
results of proximity ligation assay against HA and ANXA2 in LN18 JICD1-HA-FLAG cells. Scale
bar = 10 µm. (E) In vitro binding assay using the purified recombinant JICD1, and GST–ANXA2.
The pull-down using IgG was used as a control. (F) Western blotting results showing that ANXA2
knockdown decreases JICD1 levels in LN18 cells. (G) Immunofluorescence staining showing that
ANXA2 knockdown decreases nuclear JICD1 levels. Scale bar = 20 µm. *** p < 0.001.



Int. J. Mol. Sci. 2023, 24, 14776 4 of 15

To select the protein that affects JICD1-driven CSC properties, we performed limiting
dilution assay (LDA) following the knockdown of each of the genes encoding the four
JICD1-binding proteins in LN18 JICD1-HA-FLAG (Figure 1B). Only ANXA2 knockdown
significantly decreased the sphere-forming ability (Figure 1B). ANXA2 knockdown also
inhibited sphere formation in the JICD1-overexpressing cell lines A1207 and A172, and
patient-derived 84NS Glioblastoma cancer stem cell (GSC) (Supplementary Figure S1C).

Immunofluorescence imaging revealed the co-localization of JICD1 and ANXA2 (Sup-
plementary Figure S1D). Additionally, we confirmed the binding of JICD1 and ANXA2
by performing several protein-binding assays in both cellular and non-cellular formats.
IP and proximity ligation assay (PLA) were performed using LN18 JICD1-HA-FLAG or
transformed human embryonic kidney 293 (HEK293T) cells transduced with JICD1-HA and
ANXA2-FLAG (Figure 1C,D and Supplementary Figure S1E). The IP results showed that
JICD1 and ANXA2 bound to each other. Similarly, ANXA2-FLAG bound to C-terminal-HA-
tagged JAG1, implying that ANXA2 has an affinity for the non-cleaved intracellular domain
of JAG1 and JICD1 cleaved from JAG1 (Supplementary Figure S1F). To verify whether
JICD1 directly binds to ANXA2, we performed in vitro binding assay (IVB) using purified
recombinant proteins. GST-tagged ANXA2 was pulled down along with 6xHis-tagged
JICD1 using an anti-JICD1 antibody (Figure 1E and Supplementary Figure S1G). Thus,
ANXA2 binds to JICD1 and is a potential regulator of JICD1-driven CSC properties and
GBM cell propagation.

ANXA2, a member of the annexin protein family, exists as a monomer or heterote-
tramer, and forms a complex with S100 calcium-binding protein A (S100A) 10 or S100A11,
in which a dimer of S100A connects two ANXA2 monomers [18,19]. Previous findings
have shown the function of ANXA2 in diverse biological processes, including the dynamic
regulation of the cytoskeleton, activation of plasmin, and organization of exo- and endo-
cytosis [20,21]. ANXA2 also accelerates the progression of various cancers; specifically,
ANXA2 is highly expressed in GBM compared with that in low-grade glioma and promotes
proliferation and invasion [22,23].

Because we found that ANXA2 binds to JICD1 and that its knockdown decreases the
sphere-forming ability, we next investigated whether ANXA2 directly modulates the JICD1
signaling pathway. We knocked down ANXA2 expression using short interfering RNAs
(siRNAs) and measured JICD1 levels. ANXA2 knockdown markedly decreased JICD1
levels in both LN18 and A1207 cells (Figure 1F,G and Supplementary Figure S1H,I).

Therefore, we sought to understand how ANXA2 knockdown decreases JICD1 levels.
We measured JAG1 mRNA expression following ANXA2 knockdown and found no notable
changes compared with those found during the reduction in JICD1 levels (Figure 1F,G and
Supplementary Figure S1J).

2.2. ANXA2 Inhibits Heat Shock Protein 70/90-Mediated Degradation of JICD1

We estimated the difference in the stability of JICD1, following ANXA2 knockdown
in the presence of cycloheximide (CHX), an inhibitor of ribosomal translation. When de
novo protein synthesis was blocked, JICD1 decreased significantly faster, following ANXA2
knockdown in LN18 cells (Figure 2A). These results show that ANXA2 maintains the JICD1
signaling pathway by increasing the stability of JICD1.

To verify how ANXA2 inhibits JICD1 degradation, we blocked the protein degradation
pathways in combination with ANXA2 knockdown. When treated with the proteasomal
inhibitor MG132, JICD1 expression did not decrease after ANXA2 knockdown. However,
the lysosomal inhibitor chloroquine (CQ) did not affect the reduction in JICD1 expression
(Figure 2B,C and Supplementary Figure S2A). Therefore, we determined whether ANXA2
affected the ubiquitination of JICD1 to inhibit its degradation by the proteasome. We per-
formed the IP of JICD1-HA using HEK293T cells, with or without ANXA2 overexpression
and/or treatment with MG132. ANXA2 markedly inhibited the ubiquitination of JICD1
(Figure 2D). Taken together, our data suggest that ANXA2 inhibits the ubiquitin-mediated
proteasomal degradation of JICD1.
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Figure 2. Lys1184 of JICD1 is ubiquitinated via heat shock protein (HSP)70/90-mediated degradation
after ANXA2 knockdown. (A) Time-dependent changes in the level of JICD1-HA-FLAG following
ANXA2 knockdown combined with cycloheximide treatment. (B) The protein level of JICD1-HA-
FLAG following ANXA2 knockdown combined with MG132 treatment in LN18-JICD1-HA-FLAG
cells. (C) The protein level of JICD1-HA-FLAG following ANXA2 knockdown combined with chloro-
quine (CQ) treatment in LN18 JICD1-HA-FLAG cells. (D) Immunoprecipitation against JICD1-HA to
compare the ubiquitination of JICD1-HA with or without ANXA2 overexpression. (E,F) Levels of
JICD1 in LN18 JICD1-HA-FLAG cells, following ANXA2 knockdown combined with (E) VER-155008
or (F) ganetespib. (G) Immunoprecipitation against HA to compare the binding with HSP70 and
HSP90 after ANXA2 knockdown in LN18 JICD1-HA-FLAG cells. (H) Levels of JICD1 after ANXA2
knockdown, with or without concurrent knockdown of carboxy-terminus of Hsc70 interacting protein
(CHIP) E3 ligase. (I) Levels of JICD1 with mutants in possible ubiquitination sites after ANXA2
knockdown. (J) Levels of JICD1 with mutants in possible ubiquitination sites, with or without
knockdown of CHIP E3 ligase.

Next, we sought to determine the mechanism of JICD1 ubiquitination, which ANXA2
inhibits. Interestingly, the JICD1-binding proteins identified by IP-MS included several
HSPs that process misfolded proteins (Supplementary Figure S2B). HSPA1A, HSPA2,
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HSPA5, and HSPA8 (HSC70) belong to the HSP70 family, whereas HSP90AA1 and HSP90AB1
belong to the HSP90 family.

HSP70 and HSP90 family proteins are ATP-dependent chaperones that are essential
for protein quality control [24]. First, a misfolded protein is recognized by HSP70/90 as a
client by exposure to hydrophobic amino acids or unlinked thiol (-SH) [24,25]. The protein
then undergoes triage selection, wherein its fate (whether to be re-used or degraded) is
determined. The decision relies on the direct recognition of the irreparable folding of the
protein and the indirect “timer” mechanism based on the dwell time in the chaperone [25].
The carboxy-terminus of Hsc70 interacting protein (CHIP; encoded by STUB1) participates
as an E3 ubiquitin ligase to ubiquitinate the client protein that is to be degraded [24,25].

To confirm whether HSPs were involved in the degradation of JICD1 in the absence
of ANXA2, we treated cells with the HSP70 inhibitor VER-155008 (VER) or the HSP90
inhibitor ganetespib (Gan) with or without ANXA2 knockdown. VER and Gan inhibited
the refolding of misfolded proteins; therefore, the client protein underwent degradation
pathway. Both VER and Gan treatments increased the rate of ANXA2 knockdown induced
JICD1 degradation (Figure 2E,F).

We performed IP with or without ANXA2 knockdown to investigate whether ANXA2
affects the binding of HSPs to JICD1. HSC70/HSP90 showed remarkably increased binding
to JICD1 following ANXA2 knockdown in LN18-JICD1-HA-FLAG (Figure 2G). Correspond-
ingly, when CHIP E3 ligase was knocked down using short hairpin RNAs (shRNA), the
level of JICD1 was not affected by ANXA2 knockdown (Figure 2H). Taken together, in the
absence of ANXA2 binding, JICD1 undergoes HSP70- and HSP90-mediated degradation
and is ubiquitinated by CHIP E3 ligase.

To search for predicted or previously reported ubiquitination sites on JICD1, we
used UbPred (https://thetruth.ccs.neu.edu/ubpred, accessed on 1 June 2023) and Cell
Signaling Technology (Danvers, MA, USA) (CST) PhosphoSite Plus (v6.7.1.1) (https://www.
phosphosite.org, accessed on 1 June 2023). Both software packages suggested that JICD1
contains a lysine (Lys) residue that is accessible for ubiquitination (Supplementary Figure
S2C,D). Considering the confidence of each lysine residue, we speculated six lysine residues
of JICD1 (Lys1123, Lys1137, Lys1163, Lys1184, Lys1192, and Lys1199 in JAG1) to determine the
ubiquitination site of JICD1 by CHIP E3 ligase. We compared the expression of JICD1
with or without point mutations at each lysine residue in HEK293T and LN18 cells. The
expression of JICD1 was similar with or without point mutations in HEK293T cells. In LN18
cells, wild-type (WT) JICD1 and mutant JICD1 showed similar mRNA expression; however,
the protein level of all mutant JICD1 was higher than that of WT JICD1 (Supplementary
Figure S2E–G). In addition, mutants with the substituted amino acids Lys1123, Lys1184,
Lys1192, and Lys1199 of JICD1 showed significantly higher protein levels (Supplementary
Figure S2F).

To validate the amino acids of JICD1 that are essential for proteasomal degradation, we
confirmed JICD1 protein levels harboring point mutations at each lysine residue in LN18
cells with ANXA2 or CHIP E3 ligase knockdown (Figure 2I,J). The inhibition of ANXA2
nevertheless mitigated the reduction in JICD1K1184A and JICD1K1199A levels (Figure 2I).
When CHIP E3 ligase was knocked down, the stabilization of JICD1K1137A, JICD1K1163A,
JICD1K1184A, and JICD1K1192A was also inhibited (Figure 2J). Therefore, Lys1184 of JICD1 was
verified as an amino acid that is ubiquitinated, contributing to stabilization by ANXA2, and
Lys1137, Lys1163, and Lys1192 were also verified as amino acids that could be ubiquitinated.

2.3. JICD1 Interacts with the Annexin Repeat 4 Domain within ANXA2

ANXA2 consists of five domains; one S100A-binding (S) domain and four annexin
repeats (R1–4), and hydrophobic amino acid residues form a pocket on the opposite side of
the calcium-binding surface (Figure 3A and Supplementary Figure S3A) [19]. To discover
the JICD1 binding domain within ANXA2, we established a FLAG-tagged deletion mutant
of ANXA2 and compared its binding affinity to JICD1. WT full-length ANXA2 and mutants
lacking the R1, 2, and 3 domains (∆R1, ∆R2, and ∆R3, respectively) could bind to JICD1.

https://thetruth.ccs.neu.edu/ubpred
https://www.phosphosite.org
https://www.phosphosite.org


Int. J. Mol. Sci. 2023, 24, 14776 7 of 15

However, mutants lacking the S domain (∆S) or R4 domain (∆R4) did not bind to JICD1
(Figure 3B).
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Figure 3. ANXA2 binds JICD1 via the ANXA2 repeat 4 (R4) domain. (A) A domain map of ANXA2
with the indication of hydrophobic amino acid residues. (B) Immunoprecipitation against JICD1-HA
to compare the binding affinity between JICD1 and each deletion mutant of ANXA2. (C) In vitro
binding assay using the purified recombinant JICD1 and GST-tagged ANXA2, S, and R4 domains.
The black arrow indicates the band of interest. (D) JICD1-peptide binding assay using the ANXA2 R4
peptides. *** p < 0.001. (E) JICD1-peptide binding assay using the peptides having sequences of other
annexin family proteins similar to R4P-1. * p < 0.05, ** p < 0.01, *** p < 0.001. (F) Immunoprecipitation
against JICD1-HA using HEK293T cells to compare the JICD1-binding affinity of ANXA1 and ANXA2.
(G) Immunoprecipitation against JICD1-HA using HEK293T cells expressing ANXA2 with mutants
in Lys286 and Val287.

To identify the domain that directly interacts with JICD1, we then performed IVB
using purified recombinant proteins. GST-tagged R4 showed a binding affinity for JICD1,
whereas the S domain did not show such affinity (Figure 3C). Similarly, recombinant
ANXA2 missing the S domain (ANXA2 ∆S) directly bound to JICD1, showing that JICD1
binds to the R4 domain of ANXA2 (Supplementary Figure S3B).

Next, we sought to identify the motif in the R4 domain essential for binding JICD1. We
divided the R4 domain into four parts according to its secondary structure and synthesized
peptides corresponding to the sequence of each part (R4P-1, -2, -3, and -4) (Figure 3A
and Supplementary Figure S3C). Using these peptides, we designed an assay to measure
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the binding affinity of each peptide to JICD1 (Supplementary Figure S3D). In the binding
assay, R4P-1, which is equivalent to Leu274–Ser294 in ANXA2, showed an affinity for JICD1
(Figure 3D).

We further identified several annexin family proteins with amino acid residues similar
to those of R4P-1 using Protein Basic Local Alignment Search Tool (Protein BLAST). Among
these, we selected amino acid residues with similarities to those of R4P-1 greater than 70%
to synthesize the corresponding peptides (Supplementary Figure S3E). The peptide-binding
assay revealed that only a peptide equivalent to Leu282–Ser302 of ANXA1 (ANXA1-282)
had an affinity for JICD1, similar to that of R4P-1 (Figure 3E). However, ANXA1 did not
bind to JICD1 (Figure 3F).

To validate an amino acid residue that critically renders the binding affinity to JICD1
in ANXA2, we clustered the sequences of the peptides, including R4P-1 and those similar to
R4P-1. Considering the nature of amino acids constituting each peptide and their binding
affinity to JICD1, we speculated that Lys286 and Val287 in ANXA2 (corresponding to Lys394

and Ala395 in ANXA1, respectively) would determine its affinity to JICD1 (Supplementary
Figure S3F). We performed IP using ANXA2 harboring point mutations in each amino
acid residue or both amino acid residues. The results showed that point mutations in both
amino acid residues decreased the binding affinity to JICD1 (Figure 3G). Taken together,
Leu274 to Ser294 in the R4 domain were primarily responsible for binding, and the two
amino acids Lys286 and Val287 showed an affinity for JICD1 (Figure 3 and Supplementary
Figure S3).

2.4. JICD1–ANXA2 Interaction Promotes Tumor Proliferation and Aggressiveness

To investigate the effect of ANXA2 knockdown on JICD1-induced aggressiveness, we
transplanted JICD1 overexpressed 528NS GSCs with or without ANXA2 knockdown into
the brains of BALB/c nude mice. Correspondingly, when ANXA2 was knocked down by
an shRNA, the level of JICD1 decreased, and the knockdown of CHIP E3 ligase increased
the level of JICD1 in 528NS GSCs (Figure 4A,B). JICD1 overexpression increased tumor
propagation, whereas ANXA2 knockdown hindered tumor propagation 69 days after
intracranial injection (Figure 4C, Supplementary Figure S4A,B). The shortened survival
of mice by the overexpression of JICD1 was prolonged by the knockdown of ANXA2
(Figure 4D). JICD1 overexpression increased Ki67-positivity in the tumors, whereas ANXA2
knockdown decreased the positivity (Figure 4E). JICD1 overexpression decreased cleaved
caspase3 (c-CASP3)-positive cells, whereas ANXA2 knockdown did not alter this ratio
(Figure 4F). Consistent with the results of our previous study [11], the expression of
SOX2, a JICD1 downstream gene, and OLIG2, a marker of GBM, was increased by JICD1
overexpression in 528NS tumors (Figure 4G and Supplementary Figure S4C). Notably,
the knockdown of ANXA2 repressed the expression of SOX2 and OLIG2 (Figure 4G and
Supplementary Figure S4C).

To investigate the clinical relevance of the JICD1–ANXA2 interaction, we analyzed the
correlation between JAG1 and ANXA2 expression in TCGA GBMLGG data. The expression
of both JAG1 and ANXA2 was higher in patients with high-grade glioma than in patients
with grade II and III glioma and were positively correlated with each other (Supplementary
Figure S5A,B). Likewise, patients with a higher expression of both JAG1 and ANXA2
had a significantly worse prognosis (Figure 4H). In addition, the expression of STUB1
was negatively correlated with that of JAG1 and ANXA2 (Supplementary Figure S5B).
Patients showing high JAG1 expression and low STUB1 expression had a worse prognosis
than patients with low JAG1 expression and high STUB1 expression (Supplementary
Figure S5C). Taken together, our data show that ANXA2 stabilizes JICD1 by protecting it
from HSP- and CHIP-mediated ubiquitination and degradation (Figure 4I).
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down. (E,F) Immunofluorescence images for (E) Ki67 and (F) cleaved caspase3. Scale bar = 50 µm. 
The bar graphs represent the means ± standard error of the mean (SEM). * p < 0.05, *** p < 0.001. (G) 
Immunofluorescence images for OLIG2. Scale bar = 50 µm. (H) Survival time of patients with glioma 
according to JAG1 and ANXA2 expression. The patients were divided into two groups (JAG1 high 
and ANXA2 high versus JAG1 low and ANXA2 low) based on their mRNA expression (mean ± 
SEM). p-value was calculated with a log-rank (Mantel–Cox) test. *** p < 0.001. (I) A graphic summary 
showing the mechanism of JICD1 degradation in the absence of annexin A2-mediated stabilization 
and a possible therapeutic strategy to target the JICD1 signaling pathway. 
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Figure 4. ANXA2 knockdown inhibits JICD1-driven cancer stem cell properties. (A) Levels of
HA-JICD1 with or without ANXA2 knockdown in 528NS cells. (B) Levels of HA-JICD1 with or
without CHIP knockdown in 528NS cells. (C) Representative images of hematoxylin and eosin
staining. The time of mouse sacrifice is 69 days after tumor inoculation. (D) Kaplan–Meier survival
plot showing survival of mice grafted with HA-JICD1 expressing 528NS cells with or without
ANXA2 knockdown. (E,F) Immunofluorescence images for (E) Ki67 and (F) cleaved caspase3. Scale
bar = 50 µm. The bar graphs represent the means ± standard error of the mean (SEM). * p < 0.05,
*** p < 0.001. (G) Immunofluorescence images for OLIG2. Scale bar = 50 µm. (H) Survival time of
patients with glioma according to JAG1 and ANXA2 expression. The patients were divided into
two groups (JAG1 high and ANXA2 high versus JAG1 low and ANXA2 low) based on their mRNA
expression (mean ± SEM). p-value was calculated with a log-rank (Mantel–Cox) test. *** p < 0.001.
(I) A graphic summary showing the mechanism of JICD1 degradation in the absence of annexin
A2-mediated stabilization and a possible therapeutic strategy to target the JICD1 signaling pathway.

3. Discussion

There are many approaches for treating cancer by suppressing the NOTCH signal-
ing pathway. However, no NOTCH-targeted inhibitor is applicable for the treatment of



Int. J. Mol. Sci. 2023, 24, 14776 10 of 15

GBM, owing to limitations such as low efficacy and the risk of adverse effects [26]. For
instance, NOTCH blockade using GSIs also affects the processing of other transmembrane
proteins, including insulin receptors, ErbB4, E-cadherin, and CD44 [10]. In addition, the
consequences of NOTCH signaling are diverse depending on the genetic or epigenetic
background and surrounding environmental factors, such as somatic mutations, includ-
ing EGFR and TP53, and the ligand by which NOTCH is activated [27–29]. DLL1 and
DLL4 activate the same NOTCH receptors and induce distinct cell fates during embryonic
myogenesis [29]. Moreover, its ligand JAG1 drives independent signaling via JICD1 [11].
Therefore, precise therapeutic modalities targeting the JAG-NOTCH signaling pathway
should be developed, considering the bidirectional signal transduction between JAG and
NOTCH.

JAG-NOTCH signaling is a bidirectional signal transduction pathway [7]. In GBM, the
expression of JAG1 is significantly correlated with aggressiveness rather than the expression
of NOTCH receptors [11]. Unlike conventional NOTCH-targeting therapeutic inhibitors,
a PPI inhibitor that blocks the interaction between JICD1 and ANXA2 is projected to
specifically inhibit the signaling mechanism by the ligand JAG1. However, since JICD1 is
an IDP lacking a three-dimensional structure, it is challenging to design a selective inhibitor
that directly binds to JICD1 [12]. On the other hand, the structure of ANXA2 has been
shown to contain a druggable pocket composed of hydrophobic amino acids, enabling the
in silico modeling of drug candidates that potentially bind to the pocket and interfere with
binding to JICD1 [30,31]. Therefore, the three-dimensional structure of the JICD1–ANXA2
complex should be determined to corroborate the structural evidence for the PPI between
JICD1 and ANXA2 and to validate the mode of action and selectivity of the PPI inhibitor,
which will be developed in the future.

In the present study, we elaborated on the pivotal function of ANXA2 in the JICD1
signaling pathway, suggesting the possibility of developing a novel CSC-targeted drug to
treat GBM. Together with our previous findings, an in-depth study should be conducted to
verify the involvement of ANXA2 in transcriptional regulation by JICD1 in complexes with
DDX17, SMAD3, and TGIF2. The implications of JICD1 and ANXA2 should be investigated
under distinct conditions, such as tumor vasculature or other types of cancer. Therefore,
the tumor-initiating ability, invasiveness, and resistance to anti-cancer therapy imparted by
JICD1 could be targeted.

4. Methods
4.1. Cell Lines and Cell Culture

The patient-derived GSCs 84NS (RRID: CVCL_C6J0) and 528NS (RRID: CVCL_C6IV)
were kindly provided by Dr. Ichiro Nakano (University of Alabama, Birmingham, AL,
USA). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12
(GE Healthcare, Chicago, IL, USA) supplemented with 0.2% B27 (Invitrogen, Carlsbad,
CA, USA), 20 ng/mL epidermal growth factor (EGF) (R&D Systems, Minneapolis, MN,
USA), 20 ng/mL basic fibroblast growth factor (R&D Systems), 1% penicillin/streptomycin
(GE Healthcare), 2 mmol/L L-glutamine (GE Healthcare), and 50 µg/mL gentamicin
(Mediatech, Manassas, VA, USA). HEK293T (RRID: CVCL_0063), LN18 (RRID: CVCL_0392),
A1207 (RRID: CVCL_8481), and A172 (RRID: CVCL_0131) cell lines were purchased from
the American Type Culture Collection (Manassas, VA, USA). These cell lines were cultured
in DMEM (GE Healthcare) supplemented with 10% fetal bovine serum (GE Healthcare),
1% penicillin/streptomycin, 2 mmol/L L-glutamine, and 50 µg/mL gentamicin. MG132,
CQ, VER-155008, and CHX were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ganetespib was purchased from Abmole Bioscience (Houston, TX, USA). Cell lines used in
this study were regularly monitored to ensure the mycoplasma-free cells. In addition, all
human cell lines were authenticated in 2019 using short tandem repeat profiling.
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4.2. Overexpression and Knockdown of Genes

JICD1, JICD1-HA-FLAG, JICD1-HA, ANXA2, ANXA2-FLAG, JAG1-HA, ANXA2∆S-
FLAG, ANXA2∆R1-FLAG, ANXA2∆R2-FLAG, ANXA2∆R3-FLAG, and ANXA2∆R4-FLAG
were cloned into the pcDNA3.1 vector for overexpression. The plasmids were transfected
using LipoJet (SignaGen Laboratories, Frederick, MD, USA) for transient gene expression.
To construct a stable cell line, microporation was performed using the Neon transfection
system (Thermo Fisher Scientific, Waltham, MA, USA).

HA-JICD1, HA-JICD1K1123A, HA-JICD1K1137A, HA-JICD1K1163A, HA-JICD1K1184A,
HA-JICD1K1192A, and HA-JICD1K1199A, were cloned into the pLL CMV BLAST vector
for overexpression.

siRNAs targeting ANXA2 (SASI_Hs01_00246294), PDIA4) (SASI_Hs01_00081790),
PDIA6 (SASI_Hs01_00124109), and HSPA5 (SASI_Hs01_00142880) were purchased from
Sigma-Aldrich. siRNAs were delivered using ScreenFect (Wako, Osaka, Japan).

shRNAs targeting ANXA2 and CHIP were cloned into the pLKO.1 puro vector. A
non-targeting shRNA (pLKO.1 shNT puro; Sigma-Aldrich) was used as a control. To
produce lentiviruses, each expression vector was transfected into HEK293T cells with
the second-generation lentiviral packaging plasmids pdR8.91 and pVSV g using LipoJet.
Twenty-four hours after transfection, the culture medium was harvested, incubated with a
Lenti-X concentrator (Clontech Laboratories, Mountain View, CA, USA), and centrifuged
to obtain concentrated lentiviruses. The cells were infected with the lentiviruses in the
presence of 6 µg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA) for 24 h.

4.3. LDA

The cells were seeded in a 96-well culture plate with serial dilution (Corning, Corning,
NY, USA). The number of wells without spheres (having a diameter that exceeds 50 µm)
was counted to estimate the frequency of CSCs, using Extreme Limiting Dilution Analysis
(ELDA) software (WEHI Bioinformatics, Victoria, Australia).

4.4. Antibodies

The following antibodies were used in this study: JAG1 (C-terminal epitope, 70109;
Cell Signaling Technology, Danvers, MA, USA), JAG1 (C-terminal epitope, PA5-72843;
Thermo Fisher Scientific), ANXA2 (ab41803; Abcam, Cambridge, UK), rabbit IgG isotype
control (10500C; Thermo Fisher Scientific), HA (3724; Cell Signaling Technology), HA
(H9658, Sigma-Aldrich), FLAG (F7425; Sigma-Aldrich), β-ACTIN (sc-47778; Santa Cruz
Biotechnology, Dallas, TX, USA), α-TUBULIN (T6199; Sigma-Aldrich), LMNB1 (ab16048;
Abcam), Ubiquitin (3936; Cell Signaling Technology), HSP90 (PA3-013; Thermo Fisher
Scientific), HSC70 (sc-7298; Santa Cruz Biotechnology), CHIP (2080; Cell Signaling Tech-
nology), glutathione-S-transferase (GST) (sc-138; Santa Cruz Biotechnology), Alexa 488
anti-mouse IgG (Invitrogen), and Alexa 594 anti-rabbit IgG (Invitrogen).

4.5. IP

Protein lysates were prepared using an IP lysis buffer (Thermo Fisher Scientific) and
the lysates were pre-washed with protein A/G agarose beads (Thermo Fisher Scientific).
The protein lysates were incubated overnight with an antibody against the bait protein.
Antibody-bound proteins were precipitated using 3% bovine serum albumin (BSA)-blocked
protein A/G agarose beads, and the beads were washed with the IP lysis buffer. Bead-
bound proteins were eluted with 2-mercaptoethanol (Sigma-Aldrich)-added 2× lithium
dodecyl sulfate (LDS, Invitrogen).

4.6. Western Blotting

Protein extracts from whole-cell lysates were prepared using a radioimmunoprecip-
itation assay lysis buffer (LPS Solution, Daejeon, Republic of Korea) containing 1 mM
β-glycerophosphate, 2.5 mM sodium pyrophosphate, 1 mM NaF, 1 mM Na3VO4, and a
protease inhibitor (Roche, Basel, Switzerland). Proteins were quantified via the Bradford
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assay (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol. Protein
extracts were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes (Merck, Darmstadt, Germany). The
membranes were blocked with 5% non-fat skim milk and incubated with primary antibod-
ies. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies,
the target proteins were visualized using the SuperSignal West Pico chemiluminescent
substrate (Elpis Biotech, Daejeon, Republic of Korea).

4.7. Immunofluorescence Imaging

The cells were fixed with a 4% paraformaldehyde solution for 10 min and washed
with phosphate-buffered saline (PBS). The cells were blocked with 3% BSA for 1 h and incu-
bated with primary antibodies overnight. The cells were then incubated with fluorescence-
conjugated secondary antibodies and 4′,6-diamidino-2-phenylindole (Sigma-Aldrich). Images
were obtained using an LSM800 confocal microscope (Carl Zeiss, Oberkochen, Germany).

4.8. PLA

PLA was performed to detect JICD1–ANXA2 binding using the Duolink PLA kit
(Sigma-Aldrich) according to the manufacturer’s instructions.

4.9. Purification of the Recombinant Proteins

JICD1 and ANXA2 were cloned into the pET28a and pGEX4T expression vectors
for 6xHis and GST tagging, respectively. The expression vector was transduced into
BL21-competent cells. 6×His-tagged proteins were purified using a lysis buffer (50 mM
Na2HPO4, 50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, and 0.1 mM PMSF; pH 8.0),
elution buffer (50 mM Na2HPO4, 50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole;
pH 8.0), and Ni-NTA agarose beads (Qiagen, Hilden, Germany). GST-tagged proteins were
purified using a lysis buffer (0.1 mM PMSF in PBS), elution buffer (10 mM glutathione in
PBS), and GSH Sepharose beads (GE Healthcare).

4.10. IVB

Purified recombinant proteins were incubated overnight with the IgG control or
antibody in a binding buffer (50 mM Tris, 300 mM NaCl, 2 mM EDTA, 1 mM DTT, 0.1%
NP-40, and 5 mg/mL BSA; pH 7.5). Antibody-bound proteins were precipitated using 3%
BSA-blocked protein A/G agarose beads and washed with a washing buffer (50 mM Tris,
300 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.1% Tween-20; pH 7.5). Bead-bound proteins
were eluted with 2-mercaptoethanol-added 2X LDS.

4.11. Quantitative Reverse Transcription Polymerase Chain Reaction

Complementary DNA (cDNA) was synthesized from the extracted RNA using Rever-
tAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative polymerase
chain reaction analysis was conducted using the CFX Connect real-time PCR detection
system (Bio-Rad, Hercules, CA, USA) and SYBR Premix Ex Taq (Takara, Shiga, Japan)
according to the manufacturer’s instructions. Further, 18S ribosomal RNA (RN18S) was
used as a housekeeping control. The primer sequences were as follows: JAG1 forward,
5′-GCTTGGATCTGTTGCTTGGT-3′, JAG1 reverse, 5′-TGGGCACTTTCCAAGTCTCT-3′,
SOX2 forward, 5′-CAAGATGCACAACTCGGAGA-3′, SOX2 reverse, 5′-CGGGGCCCGTA
TTTATAATC-3′, RN18S forward, 5′-CAGCCACCCGAGATTGAGCA-3′, RN18S reverse,
5′-TAGTAGCGACGGGCGGTGTG-3′.

4.12. JICD1-Peptide Binding Assay

Biotin-conjugated custom peptides, with sequences equivalent to those of ANXA2R4
and other annexin family proteins, were purchased from Bionics (Seoul, Republic of Ko-
rea). Further, 6xHis-JICD1 was added to a Pierce Ni-coated 96-well plate (Thermo Fisher
Scientific) in a binding buffer (1% BSA in PBS). After washing with PBS containing 0.05%
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Tween-20, the peptides were added and incubated for 1 h. Peptides bound to JICD1 were
detected using streptavidin–HRP (Invitrogen) and TMB substrate (Thermo Fisher Scientific).
A Ni-coated plate without a coating of JICD1 was used as a negative control.

4.13. Peptide Sequence Clustering

The clusterization of the peptide sequence was performed using the Clustal Omega
(v1.2.4) software (EMBL-EBL, Cambridgeshire, UK).

4.14. Protein Structure Presentation

The protein structure of ANXA2 (PDB: 1XJL) was visualized using PyMol (Schrödinger,
NY, USA).

4.15. Intracranial Xenograft Model

528NS-control and 528NS-HA-JICD1 cells transduced with shANXA2 were harvested
and washed with PBS. Cell viability was determined using the trypan blue exclusion
method. Single-cell suspensions with >90% viability were used for in vivo experiments.
The cells (1 × 105 cells/3 µL PBS) were stereotactically injected into the left striatum
of 5-week-old BALB/c nu/nu mice (coordinates relative to the bregma: medial-lateral
+2 mm and dorsal-ventral −3 mm). To compare tumor histology, all mice were sacrificed
simultaneously when the second mouse showed neurological symptoms. To compare the
aggressive phenotype after ANXA2 knockdown, brains were removed at the time of death.
Kaplan–Meier survival was determined within 240 days.

4.16. Hematoxylin–Eosin Staining

To compare tumorigenicity, the samples were immersed in hematoxylin (Cat.
#1.05174.0500; Merck) 10 times and rinsed with tap water and treated with eosin (Cat.
#MA0101015; BBC Biochemical, Seoul, Republic of Korea) for 6 min, followed by dehydra-
tion in xylene. Finally, the slides were mounted using a mounting solution (Cat. #SP15-100;
Thermo Fisher Scientific).

4.17. In Silico Analysis

To select the JICD1-binding protein associated with the JICD1 signaling pathway,
common genes among the extracted genes were selected through the following three
analyses. First, genes with positive or negative correlation with the gene expression of
JAG1 were corrected using a scRNA-seq database from patient-derived GBM samples
(p < 0.05) [17]. Next, the JICD1-binding proteins correlated with the protein level of JAG1
were selected from proteomics datasets from CCLE (p < 0.05) [32]. Finally, genes that affect
the overall survival of patients were selected through patient prognosis analysis using the
following three datasets; TCGA, REMBRANDT, and Gravendeel (Log-rank p < 0.05 in all
datasets) [33–35].

To verify the clinical relevance of the JICD1 stabilization mechanism, the mRNA
expression of patients from the TCGA GBMLGG database generated by TCGA Research
Network (https://www.cancer.gov/tcga, accessed on 1 January 2016) was used. High- and
low-expression groups were separated based on their mRNA expression (mean ± standard
error of the mean (SEM)).

4.18. Statistics

All data from the experiments, shown as bar graphs, are presented as the mean± SEM.
Data were analyzed using two-tailed Student’s t-tests (* p < 0.05; ** p < 0.01; *** p < 0.001).
The Pearson product–moment correlation coefficient (r) was calculated using Microsoft
Excel.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241914776/s1.
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