% Universiteit
4 Leiden
The Netherlands

Macrocyclic peptides targeting human CD44 inhibit cell adhesion
Chatzopoulos, A.; Kolliopoulos, C.; Yin, Y.Z.; Karalis, T.; Komine, A.; Tran, S.T.P.; ... ;
Heldin, P.

Citation

Chatzopoulos, A., Kolliopoulos, C., Yin, Y. Z., Karalis, T., Komine, A., Tran, S. T. P., ...
Heldin, P. (2025). Macrocyclic peptides targeting human CD44 inhibit cell adhesion.
Cellular Signalling, 136. doi:10.1016/j.cellsig.2025.112178

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4289249

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4289249

Cellular Signalling 136 (2025) 112178

Contents lists available at ScienceDirect

ELLULAR
IALLING

Cellular Signalling

ELSEVIER journal homepage: www.elsevier.com/locate/cellsig

Check for

Macrocyclic peptides targeting human CD44 inhibit cell adhesion | e

Athanasios Chatzopoulos “”', Constantinos Kolliopoulos *-', Yizhen Yin """,
Theodoros Karalis®, Aya Komine °, Sophie T. PhuongDung Tran ", Jongchan Hwang
Nohara Goto ", Hiroaki Suga“, Peter ten Dijke "/, Christopher John Hipolito "',
Spyridon S. Skandalis ™, Paraskevi Heldin **"

f,g,k
b

2 Department of Medical Biochemistry and Microbiology, Uppsala University, SE-751 23 Uppsala, Sweden

b Biochemistry, Biochemical Analysis & Matrix Pathobiology Res. Group, Laboratory of Biochemistry, Department of Chemistry, University of Patras, 26504 Patras,
Greece

¢ Department of Chemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

4 State Key Laboratory of Microbial Technology, Shandong University, Qingdao 266237, China

¢ Department of Experimental Pathology, Graduate School of Comprehensive Human Sciences and Faculty of Medicine, University of Tsukuba, Ibaraki, Japan

f Human Biology, School of Integrative and Global Majors, University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8575, Japan

8 Department of Oncology, St. Jude Children’s Research Hospital, 262 Danny Thomas Place, Memphis, TN 38105-3678, USA

h Asahi Kasei Pharma, Izunokuni-shi, Shizuoka, Japan

! Department of Cancer Signaling, Graduate School of Comprehensive Human Sciences and Faculty of Medicine, University of Tsukuba, Tsukuba, Ibaraki, Japan
J Oncode Institute and Department of Cell and Chemical Biology, Leiden University Medical Center, Leiden, the Netherlands

X Department of Experimental Pathology, Faculty of Medicine, University of Tsukuba, Japan

ARTICLE INFO ABSTRACT

Keywords: CD44-hyaluronan interactions play a significant role in the progression of aggressive tumors. We generated non-
Hyaluronan native ligands for CD44 by identifying macrocyclic peptides that interact with the hyaluronan-binding domain of
CD44

CD44. We investigated how the macrocyclic peptides L4-3 and D4-3 influence hyaluronan-engaged CD44
signaling in tumor cells, with a focus on glioma cells, as well as normal fibroblasts.

Our findings indicated that inhibiting hyaluronan binding to CD44 in cultured U251MG glioma cells using the
macrocyclic peptides L4-3 or D4-3 led to a reduction in cell adhesion and impacted various signaling pathways.
The activation of hyaluronan-engaged CD44 during glioma progression - an aggressive and heterogeneous dis-
ease associated with multiple oncogenic alterations — cross-talk with epidermal growth factor receptor (EGFR)
signaling. Specifically, the macrocyclic peptide L4-3 enhanced the negative feedback regulation of EGFR auto-
phosphorylation at Tyr1068, an effect induced by phorbol 12-myristate 13-acetate (PMA). Furthermore, L4-3
inhibited EGF-mediated activation of the serine/threonine kinase AKT in glioma cells. These findings illuminate
the relationship between the CD44-hyaluronan axis and EGFR signaling, suggesting a possible therapeutic
strategy.

Additionally, the macrocyclic peptide D4-3 suppressed hyaluronan-CD44-mediated adhesion and affected
signaling related to cellular adhesion and migration in fibroblasts. However, it did not influence AKT and ERK1/
2 signaling pathways. Thus, it is possible that the inhibitory effect of macrocyclic peptides L4-3 and D4-3 on
hyaluronan-CD44 interaction have different effects in different cell types.

Cancer cells
Macrocyclic peptides

1. Introduction ECM. An aberrant accumulation of hyaluronan has been detected in
pathological conditions, such as cancer and inflammation, where a

Hyaluronan, an abundant glycosaminoglycan in the extracellular plethora of growth factors and cytokines are released; furthermore,
matrix (ECM), plays important roles in the organization of tissue ar- tumor-promoting agents, such as phorbol 12-myristate 13-acetate
chitecture, as well as in the proper development and function of the (PMA), promote hyaluronan synthase 2 (HAS2)-production of
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hyaluronan, which correlates with poor outcome of tumor patients
[1-4]. Hyaluronan’s cellular functions primarily depend on its interac-
tion with the plasma membrane glycoprotein CD44. This protein is
encoded by a single gene that consists of 21 exons and plays a crucial
role in maintaining homeostasis and is involved in various disease
processes [5-7]. The CD44 gene encodes the standard form, CD44s,
along with several variant isoforms (CD44v1-vll), that are formed
through alternative splicing [8]. The variant CD44 isoforms are incor-
porated into a specific site within the membrane-proximal section of the
CD44 ectodomain [9,10]. The hyaluronan-binding domain is located in
the ectodomain of all CD44 isoforms, which also interacts with growth
factors and their receptors, promoting intracellular signaling. CD44 can
undergo two sequential proteolytic cleavages in response to immuno-
logical and oncogenic signals. The first cleavage of CD44 leads to the
release of its soluble ectodomain, which plays a crucial role in the dy-
namic regulation of the interaction between CD44-expressing cells and
the extracellular matrix during cell migration [11]. This event also re-
sults in the formation of a CD44 transmembrane-intracellular domain
(CD44 TM-ICD). This process subsequently initiates the intra-
membranous cleavage of CD44 by presenilin (PS)-dependent y-secretase
[11-13], releasing CD44 ICD, which then translocates to the nucleus.

Once in the nucleus, the ICD forms complexes with various tran-
scription factors that regulate, not only the expression of the CD44 gene,
but also the expression of cell cycle regulators and ¢-MYC [14-18]. The
downstream signaling pathways triggered by CD44 ICD are highly
complex, and the underlying molecular mechanisms are still being
investigated. While several studies have suggested that CD44 expression
may serve a prognostic role in cancer progression, the correlation be-
tween CD44 expression and prognosis varies and depends on the tumor
type [5,15,19].

Malignant gliomas are the most aggressive brain tumor. Most pa-
tients with this disease die in less than a year, despite multimodality
therapy. The treatments include surgical resection, radiation therapy
and chemotherapy, but have limited therapeutic efficacy. This can be
explained by the heterogeneity of the disease, its ability to resist
chemotherapy, and its invasiveness [20-22]. Glioma cells interact with
microenvironmental components, including hyaluronan, and it has been
reported that CD44-hyaluronan interactions impact the disease pro-
gression, however, the underlying mechanisms have been difficult to
elucidate [5,23]. About 50 % of high-grade glioblastomas show ampli-
fication of the epidermal growth factor receptor (EGFR), express the
mutant EGFRVIII or contain single nucleotide mutations [24]. After
ligand binding, EGFR activates several signaling pathways, including
ERK-MAP-kinase (MAPK), phosphatidyl-inositol-3'-kinase (PI3K)-AKT,
and members of the protein kinase C (PKC) family [25]. Activation of
PKCs controls several cellular functions, in a cell type- and context-
dependent manner [26]. PMA, exerts its tumor promoting activity by
activating PKC, which is expressed at high levels in gliomas and other
malignancies.

Macrocyclic peptides targeting specific proteins constitute an
emerging class of pharmacological agents [27-29]. Due to their inter-
mediate size (about 2000 Da), macrocyclic peptides combine beneficial
properties of both traditional small molecule drugs and monoclonal
antibodies. Initially, such macrocyclic peptides were isolated from living
organisms, but more recently, artificially generated macrocyclic peptide
libraries have been used to select for ligands against biologically rele-
vant proteins [28,30]. In order to affect CD44-hyaluronan signaling in
oncogenesis and inflammation, we have attempted to produce agonistic
or antagonistic macrocyclic peptides. Here, we report the discovery of in
vitro selected macrocyclic peptide ligands that inhibit the adhesion po-
tential of cancer and non-cancer cells on a hyaluronan substrate and
have differential effects on downstream signaling.

Cellular Signalling 136 (2025) 112178

2. Materials and methods
2.1. Cell culture and reagents

Breast cancer Hs578T cells, human embryonic kidney cells
(HEK293T) and human lung adenocarcinoma A549 cells were obtained
from ATCC, glioblastoma U251MG cells were a kind gift of Dr. Bengt
Westermark (Uppsala University) [31], and primary human foreskin
fibroblasts AG1523, which were used up to passage 20, were purchased
from Coriell Institute for Medical Research. Hs578T, A549, HEK293T
and AG1523 cells were routinely cultured in complete medium Dul-
becco’s Modified Eagle Medium (DMEM; Sigma-Aldrich Sweden AB,
Stockholm, Sweden), whereas glioblastoma U251MG cells were
routinely cultured in complete RPMI-1640 medium (Sigma-Aldrich
Sweden AB, Stockholm, Sweden). Media were supplemented with 10 %
fetal bovine serum (FBS; Biowest, Biotech-IgG AB, Lund, Sweden),
penicillin (100 Units/ml), streptomycin (100 pg/ml), and 5 mM 1-
glutamine (Sigma-Aldrich Sweden AB, Stockholm, Sweden). Cells were
maintained at 37 °C, in 95 % humidified air and 5 % CO,. Medium was
refreshed every two days. When cultures reached approximately 80 %
confluency, cells were trypsinized for 1-2 min with trypsin-EDTA
(#992830/100, Statens Veterinarmedicinska Anstalt; SVA) and seeded
in new cell culture dishes. Depending on the experiment, the assays were
carried out in starvation medium containing 0.1 % FBS or in the pres-
ence of 10 % FBS (complete medium). 4-methylumbelliferone sodium
salt (4-MU, #M1508) and PMA were purchased from MERCK (Darm-
stadt, Germany). Hyaluronan of high molecular mass (about 1000 kDa)
was kindly provided by Dr. Ove Wik (Q-Med, Uppsala, Sweden) and
hyaluronan <200 kDa was purchased from Hylumed Medical (Genzyme,
MA, USA). EGF and PDGF-BB were purchased from PeproTech EC Ltd.
Nordic (Stockholm, Sweden) or Biosource Inc. (Dacula, GA, USA). All
other chemicals used in the present study were of the best commercially
available grade.

2.2. Invitro selection for anti-CD44 macrocyclic peptides

The in vitro selection and chemical synthesis of the anti-CD44
macrocyclic peptides were performed as previously described (Fig. S1)
[29,32]. In brief, two macrocyclic peptide libraries were employed. One
peptide library employed ClAc-L-Tyr as an initiator and the other library
employed ClAc-D-Tyr as an initiator. The elongation region for both li-
braries was composed of 7-15 NNK codons followed by a codon for Cys.

The dissociation constants (Kp) for the interaction between the
macrocyclic peptides and CD44 ectodomain were determined by surface
plasmon resonance (SPR) analysis using Biacore T200 (GE Healthcare),
as described [29]. Furthermore, derivatives of some of the macrocyclic
peptide ligands were synthesized by modifying the C-terminal ends of
the macrocyclic peptides with fluorescein or biotin, as described [29].

2.3. Immunostaining and transient transfections

The construct pCAGIP(BMX)-CD44s-His10, used for the ectopic
expression of CD44 in HEK293T cells, was essentially constructed as
previously described [33,34]. Briefly, the process involved the following
steps: 1) The CD44s gene was PCR amplified from purified mRNA
transcripts (ISOGENII [NIPPON GENE]) from MDA-MB-157 using the
primers hCD44-5 (5°-CCGAATTCAGATCTACCATGGACAAGTTTTGG
TG-3) and hCD44-3 (5’-CCGCGGCCGCCCACCCCAATCTTCATGTCCA-
3. 2) The amplified gene was cloned into the pcDNA3-His10 vector
using the EcoRI and Notl restriction sites. 3) The CD44-His10 sequence
was excised from the resulting pcDNA3-CD44-His10 plasmid along with
the nucleic acid sequence coding for the His10 tag using the BglIII and
Xhol restriction sites. 4) Finally, the excised fragment was cloned into a
pCAGIP(BMX) vector (kindly gifted by Professor Hitoshi Niwa, RIKEN)
using the BglIII and Xhol restriction sites, resulting in the construct
pCAGIP(BMX)-CD44s-His10; we have modified the restriction enzyme
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sites of pCAGIP vector by inserting a DNA insert containing restriction
sites BglIl, Mlul, and Xhol in between the EcoRI sites of the pCAGIP.
Thermocycling was performed using the GeneAmp PCR System 9700
(Applied Biosystems), and PCR products were purified using the
NucleoSpin Gel and PCR Clean-up kit (TaKaRa).

HEK293T cells were transfected with 1 pg of the plasmid pCAGIP-
CD44s-His10 using Lipofectamine 2000 (Invitrogen, Waltham, MA,
USA), following the manufacturer’s instructions. Staining was per-
formed on non-permeabilized cultures. The cells were incubated on ice
with 1 pM biotin-or fluorescein-labeled macrocyclic peptides for 30 min
at 4 °C. After incubating overnight with CD44 antibodies (1 mM; pro-
vided by Professor Yukinari Kato) [35], the slides were washed twice.
Next, secondary antibodies, specifically Alexa Fluor 488 goat anti-
mouse (1:1000 dilution, Molecular Probes, Invitrogen, Eugene, OR,
USA), were applied for four hours. Following this incubation, the slides
were washed again, and TO-PRO or DAPI nuclear staining was per-
formed, followed by washes with PBS. Finally, the slides were mounted,
and images were captured using a TCS SP8 confocal laser scanning
microscope (Leica Microsystems, Wetzlar, Germany). Staining using
biotin-labeled macrocyclic peptides was carried out as above with the
following exceptions: 1) incubation with the biotinylated peptides was
performed for 1 h at 4 °C and 2) after washing away unbound peptide
three times for 5 min using PBS, the cells were stained using 1:200
diluted Streptavidin-Fluorescein Isothiocyanate (FITC) Conjugate
(Thermo Fisher) followed by washing with two times for 5 min using
PBS.

2.4. Adhesion assay

Hyaluronan (about 1000 kDa; 0.2 mg/ml) in a solution containing N-
hydroxysulfosuccinimide (0.184 mg/ml) (Thermo Fischer scientific,
Gothenburg, Sweden) was mixed with an equal volume of 1-ethyl-3-(3"-
dimethylaminopropyl) carbodiimide-HCI (0.123 mg/ml; Sigma-Aldrich
Sweden AB, Stockholm, Sweden); 100 pl of the solution was then added
to each well of a 96-well Covalink-NH microtiter plate (NUNC, Thermo
Fischer Scientific, Gothenburg, Sweden). Separate 96-well plates were
coated with Collagen type I (PureCol, Advanced BioMatrix Inc., Carls-
bad, CA, USA) at a concentration of 40 pg/ml. Then, plates coupled with
hyaluronan or collagen were incubated overnight at 4 °C followed by
washing with PBS and blocking with 3 % bovine serum albumin (BSA) in
PBS for 1 h at room temperature.

Cells were cultured in 100 mm dishes for 24 h in complete media,
followed by starvation overnight. Next, the cells were treated with
bovine testicular hyaluronidase PH-20 (1 U/ml) (Sigma-Aldrich Sweden
AB, Stockholm, Sweden) for one hour at 37 °C to remove endogenous
cell surface hyaluronan. After treatment, the cells were washed with PBS
to remove the hyaluronidase and were detached using 10 mM EDTA in
PBS. The cells were then centrifuged and resuspended in 0.1 % FBS in
the appropriate medium. After counting, the cells were incubated in the
presence or absence of macrocyclic peptides at final concentrations of
1000 nM for 30 min with end-to-end shaking at room temperature.
About 100 000 cells were seeded per coated well in media containing
0.1 % BSA. Following a 45 min incubation at 37 °C, each well was
washed thrice with PBS to remove any non-adherent cells. Thereafter,
cells were fixed and stained with 0.5 % crystal violet in 20 % methanol
for 20 min at room temperature, by shaking in the dark, then washed
thoroughly to remove excess dye and dried completely. Bound dye was
extracted by adding 100 % methanol and incubation for 20 min at room
temperature with shaking in the dark. Absorbance was measured at 570
nm using an EnSpire Multimode Plate Reader.

2.5. In vitro wound healing assay
U251MG, AG1523, Hs578T, and A549 cells were seeded in 6-well

plates at approximately 90 % confluence and incubated for 24 h in
complete media, and then starved overnight. The next day, the cells
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were cultured in fresh complete media or starvation media, with or
without 50 pg/ml hyaluronan, and with any of the macrocyclic peptides
L4-3, D4-1 or D4-3, at a concentration of 1 pM, with or without 1 mM of
4-MU. To create a wound, a vertical incision, and three parallel incisions
were made using a 20 pl pipette tip. The wounds were monitored at
specified time intervals, using Phase-contrast microscopy (Axiovert 40
CFL, Zeiss mounted with AxioCam MRC, Carl Zeiss) and the ImageJ
software program was used to quantify wound closure.

2.6. Immunoblot analysis

Glioma cells were cultured in complete media at approximately 70 %
confluency in 6-well plates and starved for 24 h before undergoing
treatment. They were either treated for 30 min with the macrocyclic
peptide L4-3 or left untreated. Following this, the cultures were incu-
bated for an additional 30 min with 80 nM PMA, 25 ng/ml EGF, or 50
pg/ml hyaluronan (< 200 kDa). Similarly, fibroblast cultures were
preincubated with 1 pM D4-3 before being stimulated, either with 20
pg/ml hyaluronan (1000 kDa) for 40 min or 20 ng/ml platelet-derived
growth factor (PDGF-BB) for 10 min. After these treatments, the cul-
tures were washed once with ice-cold PBS and lysed using RIPA lysis
buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 % NP-40, 0.5 % so-
dium deoxycholate, and 0.1 % SDS), supplemented with HALT protease
and a phosphatase inhibitor cocktail (Thermo Fisher Scientific, Goth-
enburg, Sweden). The samples were then centrifuged for 15 min at 4 °C
at 13000 rpm, and the supernatants were collected in new tubes. Then,
6x SDS-sample buffer containing 0.5 M Tris-HCI pH 6.8, 30 % glycerol,
0.6 M dithiothreitol (DTT), 10 % SDS, 0.012 % bromophenol blue was
added, and the lysates were vortexed and heated for 5 min at 95 °C.
Next, the protein concentration was measured by Bicinchoninic acid
(BCA) assay (Thermo Fischer Scientific, Gothenburg, Sweden). Equal
amounts of sample protein were subjected to SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane
(Amersham, GE Healthcare, Uppsala, Sweden), followed by blocking in
5 % BSA or non-fat dry milk in Tris buffered saline (TBS), supplemented
with 0.1 % Tween 20 (TBS-T) at room temperature for 1 h. Membranes
were then incubated at 4 °C overnight with primary antibodies
(Table S1) that were diluted in a solution of 1 % BSA, TBS-T, supple-
mented with 0.02 % NaN3. Then, membranes were washed three times
with TBS-T for 5 min and incubated with goat anti-rabbit HRP or goat
anti-mouse HRP secondary antibodies, diluted in 1 % BSA, TBS-T or 1 %
non-fat dry milk, TBS-T at room temperature for 1 h, washed three times
with TBS-T for 5 min and the proteins were detected by chem-
iluminescence (Millipore, MA, United States). Quantification of band
intensity was performed by using the ImageJ software. Antibodies that
were used for detection are summarized in Table S1.

2.7. Streptavidin pulldown of biotinylated macrocyclic peptide

Biotin-conjugated macrocyclic peptide L4-3 was added to U251MG
cell cultures at various concentrations. The cultures were incubated for
30 min, followed by washing of the cells with ice-cold PBS. The cells
were then lysed using a buffer containing 50 mM Tris-HCL, pH 7.4, 1 %
NP-40, 100 mM NaCl, and 2 mM MgClz, supplemented with HALT
protease and a phosphatase inhibitor cocktail. Next, the samples were
centrifuged for 10 min at 4 °C at 13000 rpm. Then, supernatants were
incubated overnight at 4 °C with or without Streptavidin-conjugated
magnetic beads (#88816, Thermo Fisher Scientific), while being
agitated end over end. Finally, the beads were washed five times with
50 mM Tris-HCI, pH 7.4, 1 % NP-40, 100 mM NaCl, 2 mM MgCly, after
which 2x Laemmli SDS sample buffer was added. Equal protein amounts
were subjected to SDS-PAGE and proteins were transferred to a nitro-
cellulose membrane. The binding of CD44 to biotinylated peptide was
determined by incubating the membrane with anti-CD44 rabbit anti-
body, followed by incubation with goat anti-rabbit HRP secondary
antibody, diluted in TBS, supplemented with 1 % BSA, 0.1 % Tween and
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0.02 % NaNs3. CD44 protein was determined by chemiluminescence.
2.8. Cell proliferation

A short-term cell proliferation assay was conducted as previously
described [36]. Briefly, 30 000 Hs578T, U251MG, and A549 cells were
cultured in 96-well plates and incubated for 24 h. The medium was then
replaced with medium containing 0.1 % FBS, and incubation was
continued for 16 to 18 h. The cells were then incubated for 24 h with the
macrocyclic peptides, diluted in medium with 0.1 % FBS. Thereafter, the
cells were washed twice with PBS and stained with 100 pl of a 0.5 %
crystal violet solution diluted in 20 % methanol, for 20 min at room
temperature in the dark under shaking. The crystal violet dye was then
washed away using distilled water. Cells were left to dry at room tem-
perature, in the dark. Then, 100 pl of 100 % methanol was added to each
well and the cell-bound dye was extracted by incubation for 20 min at
room temperature, in the dark under shaking. Finally, the optical den-
sity of extracts from each well was measured at 570 nm, using an EnS-
pire Multimode Plate Reader.

In a long-term proliferation assay, U251MG cells were seeded in 6-
well plates (100000 cells per well), in medium containing 3 % FBS.
Every three days, cells were detached, counted, and re-seeded in 60-mm
plates until day 6, when the number of cells was determined.

2.9. Statistical analysis

Reported values are expressed as mean + SEM and are based on at
least three independent experiments. Statistical significance was calcu-
lated by two-paired Student’s t-test. One significance level is indicated, i.
e., *p < 0.05.

3. Results
3.1. Characterization of selected macrocyclic peptides

The in vitro selection of macrocyclic peptide ligands, targeting the
human CD44 ectodomain, led to the identification of 11 peptides of
interest (Table 1). The macrocyclic peptides were chemically synthe-
sized and their binding affinities against CD44 were assessed in vitro by
surface plasmon resistance (SPR; Fig. S2). L4-3 and D4-3 exhibited the
highest binding affinity against CD44 with Kp values of 19.9 nM and
22.4 nM, respectively (Table 1). The sequences of the peptide hits are
depicted in Fig. S3a. Next, we investigated whether the CD44 macro-
cyclic peptides specifically bound to the extracellular domain of CD44
on the cell surface. To visualize this interaction, we generated biotin-
and fluorescein-labeled macrocyclic peptides (Fig. S3b). D4-3 exhibited
a low dissociation constant (Kp), similar to L4-3, however, the
fluorescein-labeled D4-3 bound far less strongly to the CD44 ectodo-
main than the fluorescein-labeled L4-3 (Fig. S4); possibly the fluores-
cein interfered with D4-3’s interaction with CD44 due to steric

Table 1
Determination of affinity of generated macrocyclic peptides against hCD44-Fc
by Surface Plasmon Resonance (SPR) technique.

Macrocyclic peptides ka (10*M 151 kq (1073571 Kp (nM)
L4-1 23.5 22.3 95.1
L4-2 0.908 0.478 52.6
L4-3 1.3 0.259 19.9
L4-4 1.61 3.7 231
L4-6 1.15 2.83 247
D4-1 4.82 7.45 155
D4-2 0.534 0.87 163
D4-3 3.15 0.704 22.4
D4-4 4.08 1.26 30.8
(not reliable)

D4-5 1.84 0.594 32.3
D4-6 1.23 1.31 107
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hindrance or changes in conformation. Therefore, staining efforts
focused on the use of the biotinylated peptide derivatives. Both L4-3-
biotin and D4-3-biotin demonstrated strong binding affinity for CD44
compared to an unrelated negative control peptide, R4-1-biotin, as
determined by confocal fluorescence microscopy (Fig. 1).

3.2. L4-3 and D4-3 regulate the adhesion, but not the motility, of glioma,
lung, and breast cancer cells

We investigated the ability of CD44, expressed in glioblastoma
(U251MG) (Fig. 2a), lung adenocarcinoma (A549), and invasive breast
ductal carcinoma (Hs578T) (Fig. S5) cells, to adhere to plates coated
with hyaluronan, in the absence and presence of macrocyclic peptides.
In our previous research, we demonstrated that these cell lines pre-
dominantly express the standard form of CD44 [37-39]. The effects of
macrocyclic peptides on cell adhesion to collagen-coated plates were
also evaluated. The cell adhesion receptors expressed by U251MG cells,
such as CD44 and integrins, showed strong adhesion to both hyalur-
onan- and collagen-coated plates compared to uncoated plates (Fig. 2a).
Notably, L4-3 and D4-3, which bind with high-affinity to CD44, caused
a significant decrease in cellular adhesion to hyaluronan-coated plates,
but did not affect adhesion to collagen-coated plates. This suggests that
L4-3 and D4-3 selectively bind to the extracellular domain of CD44

HEK293T cells

HEK233T

HEK233T CD44

R4-1-biotin
(negative
control)

L4-3-biotin

D4-3-biotin

Fig. 1. Biotin-labeled macrocyclic peptides L4-3 and D4-3 bind to HEK293T
cells overexpressing CD44. Wild-type HEK293T and cells ectopically expressing
the standard form of CD44 (HEK293T CD44) were analyzed for the binding of
the biotin-labeled L4-3 and D4-3 peptides (L4-3-biotin and D4-3-biotin), as
well as the binding of a negative control peptide (R4-1-biotin), using confocal
fluorescence microscopy (Nikon Eclipse 90i). Nuclei are shown in blue (TO-PRO
nuclear staining,1:1000, 5 min). Scale bars 100 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2. Macrocyclic peptides interact with the hyaluronan receptor CD44 in glioma cells, influencing cellular adhesion, but not motility. (a) U251MG cells were
starved overnight and subjected to adhesion assays on hyaluronan- and collagen type I-coated substrates, in the absence and presence of 1 pM peptides, as outlined in
the Materials and Methods section. Uncoated wells served as controls. (b) A 24-h cell survival assay was conducted on U251MG cells after treatment with 1 pM of the
peptides L4-3, D4-1, or D4-3 in 0.1 % FBS. (c) U251MG cells were treated with biotin-conjugated L4-3 macrocyclic peptide at concentrations of 1 pM and 3 pM for
30 min. The binding of biotin-conjugated L4-3 to CD44 was evaluated after an overnight incubation with 30 pl of streptavidin-conjugated magnetic beads; incubation
without beads served as a control (designated as total cell lysate, TCL). Inmunoblotting was then performed using CD44 antibodies (Table S1). (d) The proliferation
of U251MG cells growing in 3 % FBS, in the absence or presence of macrocyclic peptides (1 uM) for six days, was analyzed. (e) In confluent and quiescent cultures of
U251MG, wounds were made (with technical triplicates per well). Then, cultures were incubated overnight in the absence or presence of 50 pg/ml hyaluronan (1000
kDa) or 10 % FBS, with or without macrocyclic peptides (1 pM) and 4-MU (1 mM). The bars represent the fold change in wound closure compared to the quiescent
cultures. Graph bars are shown as mean + SEM based on three independent experiments. P-values were calculated using Student’s paired t-test, with * p < 0.05
considered statistically significant compared to the control samples.
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expressed by U251MG gliomas and block its hyaluronan binding ability.
In contrast, the macrocyclic peptide D4-1, which exhibits a lower af-
finity for CD44 than L4-3 and D4-3 (Table 1), did not significantly affect
their cellular adhesion to immobilized hyaluronan (Fig. 2a). L4-3 and
D4-3 also significantly inhibited the adhesion of A549 and Hs578T cells
to hyaluronan-coated plates, but had no effect on the adhesion of A549
cells onto collagen coated dishes; also in these cell lines, D4-1 did not
affected the adhesion (Fig. S5a, S5c¢). In addition, the macrocyclic pep-
tides were non-toxic for the cells at the tested concentration of 1 pM.
(Fig. 2b and Figs. S5 b,d). A direct interaction between CD44 and biotin-
conjugated L4-3 macrocyclic peptide (L4-3-biotin) was demonstrated
by a pull-down assay, further confirming the direct interaction between
CD44 and L4-3 (Fig. 2¢). Of note, the peptides did not affect U251MG
cell proliferation (Fig. 2d).

Given that gliomas rarely metastasize, but instead invade sur-
rounding brain structures, and considering that one of the abundant
components of the ECM in gliomas is hyaluronan [11,26,40], we
investigated the impact of exogenously added hyaluronan on the
motility of U251MG glioma cells (Fig. 2e). In a scratch wound healing
assay, cultures stimulated with 10 % FBS showed an approximately two-
fold increase in motility, whereas cultures stimulated with hyaluronan
did not exhibit any significant changes. The addition of L4-3, D4-1, and
D4-3 did not affect the motility induced by 10 % FBS. The inhibition of
endogenously synthesized hyaluronan in glioma cells, using 4-MU,
significantly reduced both their basal motility and the motility stimu-
lated by 10 % FBS. Similarly, 4-MU reduced the cell motility induced by
10 % FBS in A549 lung cancer cells and Hs578T breast cancer cells
(Fig. S6 a,b). These findings are consistent with results from our labo-
ratory and others [41], suggesting that the effects of exogenously added
hyaluronan are not equivalent to those of endogenously synthesized
hyaluronan.

3.3. L4-3 affects PMA-induced CD44 cleavage and PMA-suppressed
EGFR phosphorylation, as well as EGFR-mediated AKT activation

CD44, like certain other membrane proteins, can be proteolytically
cleaved, liberating the intracellular domain which is important for
CD44-mediated tumor cell migration [11,17,40]. PMA stimulation of
U251MG cells rapidly induced cleavage of CD44, as depicted by
increased CD44 TM-ICD and CD44 ICD products (Fig. 3a). This finding
suggests that the cleavage of the standard form of CD44 may influence
cell attachment and migration of U251MG cells in a hyaluronan matrix
[42]. The macrocyclic peptide L4-3 significantly inhibited the PMA-
mediated cleavage of the extracellular domain of CD44, possibly
contributing to the reduced glioma cell migration on a hyaluronan
matrix.

Given the significance of EGFR in the progression of glioblastoma
multiforme [43], along with its role in PMA-mediated tumor promotion
and its constitutive interaction with CD44 [44,45], we examined how
L4-3 affects the activation status of EGFR (Fig. 3b) and its downstream
signaling following stimulation with PMA or EGF (Fig. 4). An approxi-
mately 70 % reduction of the phosphorylation of Tyr1068 in EGFR was
observed after treatment with PMA, consistent with previous reports
[46,47]. Notably, L4-3 further enhanced the PMA-induced negative
regulation of EGFR autophosphorylation (Fig. 3b). Moreover, PMA
significantly increased the amount of EGFR protein (Fig. 3b). This
finding is consistent with earlier findings showing that PMA activation
of PKC effectively inhibits downregulation of EGFR, typically induced by
the ligand EGF [48,49].

In parallel, PMA stimulation led to increased activation of AKT,
ERK1/2, and ERM (ezrin, radixin, and moesin) signaling pathways
(Fig. 4a, b and c¢), ie. signaling pathways important for cell survival,
proliferation, adhesion, and membrane ruffling [15,38,42,50]. Stimu-
lation of glioma cells with EGF significantly activated the downstream
signaling pathways of AKT and ERK1/2 (Fig. 4d, e), but did not activate
the ERM pathway (Fig. 4f). Interestingly, the macrocyclic peptide L4-3
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Fig. 3. PMA-mediated cleavage of CD44 and dephosphorylation of EGFR are
influenced by L4-3. (a,b) U251MG glioma cells grown in starvation medium
were pre-treated for 30 min with L4-3 (1 pM), before PMA (80 nM) was added
for another 30 min, followed by cell lysis. The cleavage of CD44 induced by
PMA generated CD44 TM-ICD and CD44 ICD (a), and the activation status of
EGFR by phosphorylation at Tyr1068 (see Table S1) (b), was determined by
immunoblotting, as described in Materials and Methods. All graph bars are
shown as average + SEM based on at least three independent experiments.
Asterisks illustrate alterations between the samples relative to their respective
controls: *p < 0.05.

significantly reduced the EGF-induced activation of AKT, but did not
have any effect on the ERK1/2 pathway.

3.4. Fragmented hyaluronan induces cleavage of CD44, but with slower
kinetics than PMA

The progression of several cancers is enhanced by chronic inflam-
mation. The generation of inflammatory fragmented hyaluronan in the
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Fig. 4. Downstream signaling pathways activated by PMA and EGF are
differently influenced by L4-3. (a-f) U251MG cells were treated with L4-3 (1
uM) for 30 min before 80 nM PMA or 25 ng/ml EGF was added for another 30
min. Then cells were lysed and the activation status of AKT (a, d), ERK (b, e),
and ERM (c, f) were visualized by immunoblotting of total cell lysates. All graph
bars are shown as average + SEM based on three independent experiments.
Asterisks illustrate alterations between the samples relative to their respective
controls: *p < 0.05.

surrounding stroma regulate host-tumor communication [51]. Our
recent studies demonstrated the pro-tumorigenic properties of the
CD44-hyaluronan axis in glioblastomas due to their correlation to
growth and stemness, as well as involvement in PDGF signaling [38]. To
investigate how fragmented hyaluronan affects CD44 cleavage, glioma
cultures were stimulated with hyaluronan of a molecular mass < 200
kDa (HA < 200 kDa) for different time periods (Fig. 5). CD44 ICD
products were detected after one hour in a low-molecular-mass hya-
luronan-rich environment, which is slower than PMA-induced CD44
cleavage, observed within 30 min (Fig. 5). This observation suggests that
the shedding of cell surface CD44 in glioblastomas, and thus the regu-
lation of tumor cell motility on a hyaluronan substrate, is not primarily
controlled by hyaluronan-CD44 interactions, but rather influenced by
other malignant activities.
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Fig. 5. Hyaluronan of a molecular mass of 200 kDa or less promotes CD44
cleavage, but at a slower rate than PMA. U251MG cells were treated with 50
pg/ml hyaluronan (<200 kDa) for 30 min, 1, 2, and 24 h, or with 80 nM PMA
for 30 min in starvation medium (0.1 % FBS-RPMI-1640), followed by cell lysis.
The cleavage of CD44 induced by hyaluronan and PMA, generating CD44 TM-
ICD and CD44 ICD, was analyzed by immunoblotting. Graph bars are shown as
the mean + SEM based on three independent experiments. Asterisks represent
significant differences between the samples relative to their respective controls:
*p < 0.05.

3.5. D4-3 reduces fibroblast adherence to immobilized hyaluronan

Given that CD44 is expressed at high levels on fibroblasts, AG1523
human foreskin fibroblasts were used to investigate the CD44-mediated
ability to adhere to hyaluronan-coated surfaces in the absence or pres-
ence of macrocyclic peptides [52]. In line with the findings from the
cancer cells studied, D4-3 significantly decreased the adhesion of fi-
broblasts to the hyaluronan-coated plates, as did L4-3, but less effi-
ciently than in glioma cells (Fig. 6a). High molecular weight hyaluronan
(approximately 1000 kDa; the predominant molecular size of hyalur-
onan under physiological conditions) did not affect the migration of
AG1523 fibroblasts (Fig. 6b), which may be due to the fact that fibro-
blasts produce endogenous hyaluronan.

Next, we investigated how hyaluronan stimulation affects down-
stream signaling in the absence or presence of D4-3-engaged CD44. As
illustrated in Fig. 7, PDGF-BB, a potent stimulator of fibroblast hyalur-
onan synthesis through the induction of HAS2 [41], efficiently activated
the AKT (pSer473) and ERK1/2 (pThr202/Tyr204) signaling pathways,
which support cell survival and proliferation (Fig. 7a and b). Stimulation
with hyaluronan did not affect the activation of these signaling path-
ways, whether or not the macrocyclic peptide D4-3 was present. How-
ever, when fibroblast cultures were treated with high molecular weight
hyaluronan (approximately 1000 kDa) for 40 min, there was a sup-
pression of the endogenous activation of FAK and ERM; the suppression
was further intensified in the presence of D4-3 (see Fig. 7c and d). Thus,
D4-3 enhances signaling mediated by hyaluronan and CD44 in
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Fig. 6. D4-3 suppresses adhesion of AG1523 fibroblasts to hyaluronan.

(a) Fibroblasts treated with 1 uM of the L4-3, D4-1 or D4-3, or no peptide,
were subjected to an adhesion assay in hyaluronan-coated plates. Uncoated
wells were used as controls. (b) Wound healing assay of confluent AG1523 cells
treated with the macrocyclic peptide D4-3 (1 pM) and 20 pg/ml hyaluronan
(1000 kDa) for 12 h. All graph bars are shown as average + SEM based on three
independent experiments. Asterisks illustrate alterations between the samples
relative to their respective controls: *p < 0.05.

fibroblasts, which is associated with cell adhesion and migration.

4. Discussion

This study highlights the relevance of physical and functional links
between CD44 and EGFR in hyaluronan-dependent and -independent
manners in glioblastoma progression. Initially, it was assumed that the
role of CD44 is to mediate cell adhesion to the extracellular matrix,
however, a large body of studies has shown that CD44 also acts as a
signaling receptor in co-operation with tyrosine kinase receptors [14].
We demonstrate that the macrocyclic peptides L4-3 and D4-3 interact
with the hyaluronan binding region in the CD44 ectodomain, thereby
preventing the formation of CD44-hyaluronan complexes and inhibiting
the adhesion of CD44-expressing cells onto immobilized hyaluronan
(Figs. 2a, S5a,c and 6a). In our previous studies [38], we demonstrated
that genetically depleting CD44 from U251MG cells resulted in a sig-
nificant impairment of their ability to synthesize and bind hyaluronan,
as well as a reduction in proliferation and stemness. Furthermore, gli-
oma cells lacking CD44 showed strong adhesion to dishes coated with
collagen type I and fibronectin. Notably, the ablation of CD44 or the
inhibition of CD44 cleavage severely disrupted autocrine signaling and
the expression of members of the PDGF family. High-grade gliomas show
elevated levels of RHAMM [53], which interacts with the trans-
membrane receptors for EGF and PDGF, along with CD44. Gene
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amplifications of EGFR and/or PDGFR are associated with changes in
ECM molecules, for example aggrecan which binds hyaluronan [23].
However, the relationship between these molecular changes and the
amounts of hyaluronan in the ECM remains unclear.

The EGFR signaling is regulated by both trans-regulatory homolo-
gous and heterologous mechanisms [54] that influence the duration of
downstream signaling, impacting tumor promotion and the activation of
hyaluronan-engaged CD44 during glioma progression [24,44,55].
Phosphorylation of the EGF receptor by protein PKC was shown to
decrease the affinity of EGF binding to EGFR and to reduce the receptor
kinase activity. In membrane preparations, phosphorylation of EGFR by
protein kinase C resulted in conversion of high affinity EGF binding sites
to low affinity sites [56]. However, the underlying molecular mecha-
nisms are not well understood [57] and contradictory observations have
been made [23,58].

Stimulation with PMA led to significant sequential cleavage of CD44
and a decrease in EGFR autophosphorylation at Tyr1068, along with a
concurrent increase in EGFR expression (Fig. 3b). These findings align
with previous research showing that PMA activates PKC, which phos-
phorylates EGFR at Thr654 [48]. This process effectively prevents the
internalization, downregulation and degradation of EGFR typically
triggered by the ligand EGF, emphasizing PMA'’s vital role in regulation
of EGFR signaling. However, PMA stimulation also results in the
downregulation of EGFR Tyr1068 through ERK1/2-mediated phos-
phorylation at Thr669 [47]. The phosphorylation of Tyr1068 in EGFR
activates downstream signaling pathways, including the RAS-RAF-MEK-
ERK1/2 and PI3K-AKT pathways, which contribute to tumor progres-
sion. Importantly, the macrocyclic peptide L4-3 significantly suppressed
CD44 cleavage (Fig. 3a) and inhibited EGF-mediated AKT phosphory-
lation (Fig. 4d) without affecting ERK1/2 and ERM phosphorylation,
suggesting that L4-3 may regulate EGFR signaling. Full-length CD44
consistently interacts with both the full-length EGFR and its truncated
variant, EGFRVIIIL. Additionally, CD44, when engaged with hyaluronan,
influences gene expression through an EGFR-dependent pathway [44].
Therefore, our findings support the notion that L4-3 prevents CD44
cleavage and facilitates EGFR-CD44 interactions in U251MG cells.

Moreover, PMA and growth factors, like EGF and PDGF-BB, strongly
stimulate hyaluronan synthesis, mainly by inducing HAS2 expression.
HAS2 is crucial for EGF-mediated activation of the FAK-PI3K-AKT
signaling pathway in aggressive breast cancer cells [59,60]. This
might help explain why L4-3 disrupts the natural interactions between
the EGFR and hyaluronan-activated CD44, which leads to the activation
of AKT, while not affecting EGFR-mediated ERK1/2 activation. While no
changes in ERM activity were observed, a redistribution of CD44 and
ERM proteins to newly generated areas of membrane ruffling may have
occurred, which could enhance glioma cell migration (Fig. 4f). This
observation suggests that hyaluronan-activated CD44 is important for
EGFR-mediated AKT activation.

Our previous studies have demonstrated that PDGF-BB is a powerful
stimulator of the proliferation and migration of human breast-derived
fibroblasts [59]. The ERK1/2-MAPK and PI3K-AKT signaling pathways
play crucial roles in PDGF-BB-mediated hyaluronan synthesis in these
cultures. Additionally, preventing the binding of hyaluronan to CD44
inhibits fibroblast growth. Furthermore, the activation of CD44 by
hyaluronan suppresses fibroblast migration induced by the PDGF f-re-
ceptor [61]. Considering that FAK plays a significant role in promoting
PDGF- and EGF-stimulated cell migration [62], the D4-3-mediated
suppression of FAK and ERM phosphorylation may have physiological
relevance in pathophyisiological conditions, such as wound healing.

Targeted therapies of glioblastoma have not yet shown any clinical
benefit. Although the understanding of cellular signaling has advanced,
the tumor heterogeneity, mutations and compensatory signaling path-
ways, require an integrated approach to elucidate the underlying mo-
lecular mechanisms.
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Fig. 7. Effect of D4-3 on the activation of signaling molecules in fibroblast AG1523 cells. (a-d) Total cell lysates of AG1523 cells after treatment with 1 pM D4-3 in
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were subjected to SDS-PAGE. The phosphorylation of AKT (a), ERK1/2 (b), FAK (c) and ERM (d) was then determined by immunoblotting. Phosphorylated protein
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control samples: * p < 0.05.
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