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IGFBP-3, the most abundant IGFBP and the main carrier of insulin-like

growth factor I (IGF-I) in the circulation, can bind IGF-1 with high affin-

ity, which attenuates IGF/IGF-IR interactions, thereby resulting in

antiproliferative effects. The C-terminal domain of insulin-like growth fac-

tor-binding protein-3 (IGFBP-3) is known to contain an 18-basic amino

acid motif capable of interacting with either humanin (HN) or hyaluronan

(HA). We previously showed that the 18-amino acid IGFBP-3 peptide is

capable of binding either HA or HN with comparable affinities to the full-

length IGFBP-3 protein and that IGFBP-3 can compete with the HA

receptor, CD44, for binding HA. Blocking the interaction between HA and

CD44 reduced viability of A549 human lung cancer cells. In this study, we

set out to better characterize IGFBP-3-HA interactions. We show that

both stereochemistry and amino acid identity are important determinants

of the interaction between the IGFBP-3 peptide and HA and for the pep-

tide’s ability to exert its cytotoxic effects. Binding of IGFBP-3 to either

HA or HN was unaffected by glycosylation or reduction of IGFBP-3, sug-

gesting that the basic 18-amino acid residue sequence of IGFBP-3 remains

accessible for interaction with either HN or HA upon glycosylation or

reduction of the full-length protein. Removing N-linked oligosaccharides

from CD44 increased its ability to compete with IGFBP-3 for binding HA,

while reduction of CD44 rendered the protein relatively ineffective at

blocking IGFBP-3-HA interactions. We conclude that both deglycosylation

and disulfide bond formation are important for CD44 to compete with

IGFBP-3 for binding HA.

Insulin-like growth factor-binding protein 3 (IGFBP-3)

is a protein that belongs to a family consisting of six

IGF-binding proteins that share highly conserved

structures consisting of three distinct (N-terminal, lin-

ker, and C-terminal) domains [1–6]. IGFBP-3, the

most abundant IGFBP and the main carrier of insu-

lin-like growth factor I (IGF-I) in the circulation, can

bind IGF-1 with high affinity, attenuating IGF/IGF-

IR interactions, resulting in antiproliferative effects

[1,4,6]. IGFBP-3 is also known to operate via different

mechanisms to regulate cell survival independently of

the IGF/IGF-IR axis [6–9]. Lower expression of

IGFBP-3 [10] in lung cancer is known to be associated

with poor diagnosis in patients with stage I non-small-

cell lung cancer (NSCLC) [11–15]. An inverse relation-

ship between plasma or serum levels of IGFBP-3 and

lung cancer risk has been previously shown [1,6,16].

Increased expression of IGFBP-3 corresponded with
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diminished survival of human lung cancer cells [17].

Crosstalk between IGFBP-3 and the GFBP-related

protein, IGFBP-7, that binds IGF-1 with low affinity

is being increasingly recognized [18]. IGFBP-7 has

been found to act as a tumor suppressor in lung can-

cer with its expression being high in healthy lung tissue

but downregulated in lung cancer largely due to DNA

hypermethylation [18].

Hyaluronan (HA) is a anionic, nonsulfated gly-

cosaminoglycan [19–22] polymer consisting of the dis-

accharide sequence (D-glucuronic acid and D-N-

acetylglucosamine). It is abundant extracellularly as a

chief component of the extracellular matrix [20,23,24].

Via interactions with its binding proteins, HA has

been implicated in the remodeling of the matrix that

occurs during the pathogenesis of several human dis-

eases [24–26]. The steady-state levels of HA are known

to be low in most normal tissues, while production of

HA and its accumulation in the tumor parenchyma

are known to occur in certain types of cancer such as

lung cancer and are associated with poor clinical out-

comes, enhancing proliferation and metastasis

[20,24,25,27,28].

CD44, known to bind HA, is a type I transmembrane

glycoprotein, encoded by a single gene [19–21,28–30].
From the N terminus to the C terminus, the structure

of CD44 consists of a globular HA-binding domain

(HABD), a stalk domain, a single-pass transmembrane

domain, and a cytoplasmic domain [20,21,28,29,31].

Found on the extracellular side of the cell membrane

are the domains located N-terminal to the transmem-

brane domain, including HABD, while those C-termi-

nal to the transmembrane domain are found

intracellularly [20,21,23,28,30,31]. Recombinant expres-

sion of the HABD was shown to retain its ability to

bind HA as a globular water-soluble protein [32]. Alter-

native splicing is known to generate many different

variant isoforms (CD44v) containing variable patterns

of amino acid insertion into the stalk domain, with the

standard CD44 (CD44s) being the smallest [33,34]. The

HA-binding motif is composed of residues 32–123 in

the N-terminal domain of CD44, a region common to

both CD44s and CD44v isoforms [19]. CD44s is the

predominant isoform expressed in human lung cancer

cell lines [35] that include A549 used in this study [36].

Binding of HA to CD44, its main receptor, is thought

to promote cell survival pathways [26,37–40].
The strength of the HA-CD44 interaction is known

to be modulated by post-translational modifications

that include attachment of carbohydrates to O- and

N-linked glycosylation sites on the extracellular por-

tion that includes HABD [20,21,33,37,41]. Inhibition

of CD44 N-glycosylation was found to enhance HA

binding [42]. The role of both N- and O-glycosylation

is conflicting and depending on the cell lines and meth-

ods used, and HA-CD44 binding has been reported to

be positively or negatively regulated by glycosylation

[19,21,28,42]. Force spectroscopy was employed previ-

ously to show that inhibition of O-glycosylation did

not significantly alter the frequency of binding of

either CD44v or CD44s to HA [19]. However, N-

linked glycosylation was shown to positively correlate

with HA-CD44 binding in lung epithelium-derived

tumor cells expressing CD44s, which include the cells

used in this study [21,43]. When the N-glycans on

HABD are attached to sialic acid residues, however,

HA-CD44 binding was inhibited which was suggested

to be possibly due to interaction of sialic acids with

basic amino acids that might otherwise bind HA [44].

CD44 activity is also regulated by the extracellular

redox environment through the secretion of thiol

reductase and protein disulfide isomerase [45], enzymes

with emerging roles in cancer [46]. Kinetic trapping

and binding experiments using CD44 proteins found

that a labile disulfide bond formed between Cys77 and

Cys97 in CD44 stabilizes the HA-binding groove [47].

Reduction of this bond inhibited HA-CD44 interac-

tion in vitro, and pretreatment with reducing agents

blocked the ability of cells to adhere to HA-coated

surfaces [47].

Previously, we found that IGFBP-3 binds HA via

amino acid residues 215–232 in the C-terminal region

of the protein (215-KKGFYKKKQCRPSKGRKR-232),

blocking HA interactions with CD44 and reducing via-

bility of A549 human lung cancer cells [48]. These

results are in support of findings from previous reports

showing that this region of IGFBP-3 is able to bind

certain glycosaminoglycans, including HA [1,6,49–51].
We also showed that using the anti-CD44 antibody

(5F12) to block HA-CD44 binding in combination

with IGFBP-3 did not have an additive negative effect

on cell viability, suggesting that IGFBP-3 operates via

a mechanism that depends on HA-CD44 interactions

to exert its cytotoxic effects on cell survival [48].

Humanin (HN), first discovered by the Nishimoto

laboratory [52,53], is a mitochondrial-derived peptide

known to bind with high affinity and specificity to the

18-amino acid residue (215–232) heparin-binding

domain of IGFBP-3 [54] that also binds HA. HN was

shown to interact with the C-terminal domain of

IGFBP-3, blocking IGFBP-3-induced cell death, with-

out affecting or competing with binding of IGF-I to

IGFBP-3 [55]. We also found that HA binding to the

215–232 segment of IGFBP-3 renders it inaccessible

for binding to HN and that either HA or HN could

bind to this IGFBP-3 segment, but not simultaneously
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[48]. Accumulating evidence suggests that HN has

wide neuro- and cytoprotective activities against differ-

ent types of stress and a broad range of disease models

[56–58]. In response to cellular stress, HN needs to be

secreted to exhibit diverse extracellular signaling func-

tions and broad cytoprotective effects in various dis-

eases [53,54]. It is known to be regulated by growth

hormone and IGF-I and, in turn, regulates IGF-I

likely through binding to the C-terminal region of

IGFBP-3 [55]. Previously, we showed that HN binds

IGFBP-3 and blocks its interaction with importin-β1 in

vitro, providing a probable function for HN in regulat-

ing the nuclear translocation of IGFBP-3 [59]. More

recently, we found that aggregation of amyloid-β
induced by acetylcholinesterase is blocked by the pres-

ence of HN [60]. Binding of IGFBP-3 to HN, how-

ever, sequesters HN away from amyloid-β, increasing
its aggregation [60].

IGFBP-3 is also known to be N-glycosylated

[5,51,61] although the biological significance of this

modification is not clear [1,49,62]. The N-linked glyco-

sylation-specific sites have been identified in the

amino-terminal and linker domains, and the affinity

for the IGFs was shown to be identical for both the

glycosylated and nonglycosylated forms of IGFBP-3

[1,63]. Moreover, the lack of glycosylation either had

no effect or slightly increased the affinity of IGFBP-3

for the cell membrane [1,63,64]. IGFBP-3 contains a

total of nine conserved disulfide bonds with six located

in the N-terminal domain and three in the C-terminal

domain [1,5]. While the biological significance of these

bonds is unclear at present, the N-terminal and

C-terminal domains are not thought to be linked by

disulfide linkages, with intradomain disulfide bonds

being more likely to occur than interdomain disulfide

linkages formed between cysteines in the N-terminal

and C-terminal domains [65]. In this study, we exam-

ine factors that might modulate the interactions

between HA and IGFBP-3.

Materials and methods

Materials

Most of the material used was purchased as we previously

reported [48,60,66]. Phosphate-buffered saline (PBS),

streptavidin-conjugated horseradish peroxidase (HRP),

phenylmethylsulfonyl fluoride (PMSF), TCEP-HCl, N-

ethylmaleimide, and HA-biotin (B1557) were purchased

from Sigma-Aldrich (Burlington, MA, USA). PNGase F

was from New England Biolabs (Ipswich, MA, USA).

Recombinant human IGFBP-3 protein (YCP1009, UniProt

accession ID: P17936) was purchased from Speed

BioSystems (Gaithersburg, MD, USA). Human recombi-

nant CD44 protein (12211-H08H) was purchased from Sino

Biological (Wayne, PA, USA). Nonglycosylated recombi-

nant IGFBP-3 (MBS142177) was from MyBioSource (San

Diego, CA, USA). HN (018-26) and biotin-HN (B-018-26,

UniProt accession ID: Q8IVG9) were purchased from

Phoenix Pharmaceuticals (Burlingame, CA, USA). CD44

antibody (5F12) (MA5-12394), mouse IgG isotype control

(mIgG), ultra 3,30,5,50-tetramethylbenzidine (TMB)-ELISA

substrate solution, Halt Protease and Phosphatase Inhibitor

Cocktail, and Nunc MaxiSorpTM 96-well flat-bottom

plates were from Thermo Fisher. The SuperSignal West

Pico Luminol (Chemiluminescence) Reagent and BCA Pro-

tein Assay Kit were from Pierce (Dallas, TX, USA).

Solid-phase peptide synthesis and purification

We synthesized the 18-amino acid residue (215–232) hep-

arin-binding domain of IGFBP-3 in the C-terminal region

of the protein [54] that also binds HA, the corresponding

analogous peptides in the C-terminal domains of IGFBP-1,

IGFBP-2, and IGFBP-4-6 (Table 1), along with the

IGFBP-3 mutant (K228AR230A), as a negative control,

since we previously showed that it completely lacks the

ability to bind HA [66]. Fluorenylmethyloxycarbonyl

(Fmoc)-protected L-amino acids and O-benzotriazolyl-N,N,

N0,N0-tetramethyluronium hexafluorophosphate (HBTU),

used to synthesize the peptides in this study, were pur-

chased from Anaspec Inc (Fremont, CA, USA). The D-

IGFBP-3 peptide was synthesized in the same manner using

Fmoc-protected amino acids in the D-configuration pur-

chased from Combi Blocks (San Diego, CA, USA).

Dichloromethane (DCM) was purchased from Acros

Organics (Fair Lawn, NJ, USA). Dimethylformamide

(DMF) and HPLC-grade acetonitrile (ACN) were from

VWR. Piperidine, triisopropylsilane (TIS), diethyl ether,

ethanol, phenol, and trifluoroacetic acid (TFA) were pur-

chased from Sigma-Aldrich. Rink amide MBHA resin was

purchased from Sigma-Aldrich.

Table 1. Sequences of the synthetic peptides, determined

molecular weights, and charges. The first and last amino acid

residues of the overlapping HA-binding sequences in IGFBP-3 are

shaded [68], and the mutated amino acids are underlined.

IGFBP Peptides Sequence Molecular 

Weight (Da)

Charge

pH 7.4

IGFBP-1 183KNGFYHSRQCETSMDGEA200 2057.9 0

IGFBP-2 227KHGLYNLKQCKMSLNGQR244 2116.1 +5

IGFBP-3 215KKGFYKKKQCRPSKGRKR232 2221.4 +11

IGFBP-4 185RNGNFHPKQCHPALDGQR202 2073.0 +3

IGFBP-5 201RKGFYKRKQCKPSRGRKR218 2278.3 +11

IGFBP-6 168HRGFYRKRQCRSSQGQRR185 2304.2 +6

IGFBP-3 

mutant, M3

(K228AR230A)

215KKGFYKKKQCRPSAGAKR232 2079.2 +9
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Peptides were synthesized as described previously [66] on

a 0.1 mmole scale on methylbenzhydrylamine (MBHA)

resin using a Protein Technologies PS3 Peptide Synthesizer

(Tucson, AZ, USA). A tert-butyl group was used as side-

chain protection for Asp, Glu, Ser, and Tyr; t-butyloxycar-

bonyl (Boc) was utilized for the Lys side-chain amine; Asn,

Gln, His, and Cys were protected with a trityl (Trt) group;

and the guanidine group of Arg was protected with a

2,2,5,7,8-pentamethyl-chroman-6-sulfonyl (Pmc) moiety.

Amino acids were coupled using HBTU as the activating

agent, in fourfold excess to resin sites. The Fmoc group

was removed after each coupling using 20% piperidine in

DMF. Upon completion, the resin was washed with DMF,

ethanol, and DCM and then dried under vacuum. Peptides

were cleaved from the resin with simultaneous protecting

group removal using TFA (8.8 mL), distilled water

(0.5 mL), phenol (0.5 mL), and TIS (0.2 mL), with stirring

at RT for 2 h. After filtration of the resin, cold diethyl

ether was used to precipitate the peptides from solution.

The precipitate was then isolated by filtration, redissolved

in 35% ACN/H2O, and lyophilized. RP-HPLC was used to

purify the peptides using a Phenomenex C18 column

(25 cm × 2.2 cm), with a solvent system of 0.1% TFA in

water (solvent A) and 0.1% TFA in ACN (solvent B), with

a 2-h gradient of 10–50% solvent B at 10 mL�min−1. Final

purity was determined at 220 nm by analytical RP-HPLC

using a Phenomenex C18 column (25 cm × 4.6 mm). Pep-

tide molecular weights were confirmed by paper spray ion-

ization mass spectrometry. For assays, peptides were

dissolved in 1% DMSO in pH 7.4 PBS buffer, to a final

concentration of 1 mg�mL−1.

Liposome dye leakage

The liposome dye leakage assay was performed as we

reported previously [67] to determine whether the peptides

had any membrane-damaging properties. Lipids were pur-

chased from Avanti Polar Lipids (Alabaster, AL, USA),

and carboxyfluorescein was purchased from Sigma-

Aldrich. Carboxyfluorescein-encapsulated liposome vesicles

were created and tested as previously described [67].

Briefly, a 5 mg mixture of 3 : 1 1-palmitoyl-2-oleoyl-glyc-

ero-3-phosphocholine (POPC, a zwitterionic lipid)/1-Palmi-

toyl-2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (POPG,

a negatively charged lipid) was weighed and dissolved in

2 mL chloroform; the chloroform was evaporated using

nitrogen, leaving a thin lipid film which was dried in a

vacuum desiccator overnight. After addition of 500 µL of

30 mM carboxyfluorescein dye in sodium phosphate buffer

(pH 7.5), the tubes were vortexed and incubated for 1 h

at RT. Vesicles were formed by five successive freeze–thaw
cycles in liquid nitrogen. This solution was then extruded

through a polycarbonate filter (pore size 100 nm) 21 times

using a mini-extruder from Avanti Polar Lipids (fitted with

two 0.5-mL Hamilton gastight syringes). Nonencapsulated

dye was removed from the vesicles using a Sephadex G50

gel exclusion column. Stock solutions of peptides (70 μM)
were prepared in PBS (pH 7.4) with 5% DMSO; controls

also contained 5% DMSO/PBS, which was predetermined

not to cause dye leakage. Final peptide concentration in

the wells also containing PBS and vesicles was 20 µM.
After a 10-min period, fluorescence values of the samples

in 96-well plates were measured by a spectrofluorometer

(filter set to 485 nm excitation and 528 nm emission). Tri-

ton X-100 detergent (10% v/v in PBS) was used as the

positive control for determination of 100% leakage, while

the negative control was 5% DMSO in PBS.

Dye leakage was calculated by the equation below where

Fsolvent is the fluorescence of the negative control (no pep-

tide). Values reported are the average of triplicate runs.

Percentageofdyeleakage¼ F�Fsolvent

Fdetergent�Fsolvent
�100:

Cell culture

HFL1 (ATCC CCL-153) normal, nontransformed, and

nontumorigenic human fibroblast cell line and the human

NSCLC cell line, A549 (ATCC CCL-185), were purchased

from the American Type Culture Collection (ATCC,

Manassas, VA, USA). Cells were seeded as we reported

earlier [48,60,66] in 5 mL HyClone Dulbecco’s modified

Eagle’s medium/nutrient mixture F-12 (DMEM/F12) (GE

Healthcare Life Sciences, Pittsburgh, PA, USA), supple-

mented with 10% Fetalgro bovine growth serum (FBS;

RMBIO, Missoula, MT, USA), 50 U�mL−1 penicillin, and

50 U�mL−1 streptomycin (Invitrogen Life Technologies,

Carlsbad, CA, USA) in 25-cm2 tissue culture flasks, and

allowed to grow overnight in an incubator at 37 °C, 95%
humidity, and 5% CO2. Cells were counted with a hemocy-

tometer after trypan blue staining.

ELISA

ELISA was conducted as we reported previously

[48,60,66,68]. Nunc MaxiSorp 96-well flat-bottom plates

(Thermo Fisher, Waltham, MA, USA) were coated with

samples as indicated. The plates were incubated overnight

at 4 °C on a shaker to allow binding of the samples to the

plate wells. After the incubation, the wells were washed 4×
with TBST, filled with 400 µL blocking buffer (110 mM

KCl, 5 mM NaHCO3, 5 mM MgCl2, 1 mM EGTA, 0.1 mM

CaCl2, 20 mM HEPES, 1% BSA, pH 7.4), and incubated

overnight at 4 °C on a shaker. The wells were then washed

4× with TBST, and 100 µL of sample at the desired con-

centration was added to each well before incubating over-

night at 4 °C on a shaker. TBST was then used to wash

the wells 4× before proceeding in one of two ways: (a)

Biotinylated samples were analyzed by adding 100 µL
streptavidin–HRP conjugate in TBST (1 : 2500 dilution) to

the samples before incubating for 3 h at RT on a shaker,
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or (b) samples without biotin were analyzed by adding

100 µL TBST containing the primary antibody at the man-

ufacturer’s recommendation and incubating for 3 h at RT

on a shaker before washing 4× with TBST. The secondary

antibody in 100 µL TBST was then added to the samples

following the manufacturer’s recommendation and incu-

bated for 1 h at RT on a shaker. Plates containing either

biotinylated or nonbiotinylated samples were then washed

5× with TBST followed by the addition of 100 µL TMB

resulting in a blue color change. The reaction was stopped

with 100 µL 2 M H2SO4 after incubating at RT for

0.5–15 min, resulting in a yellow color change that was

measured by absorbance at 450 nm. To monitor nonspecific

binding, negative control wells on the plates included, for

example, bound IGFBP-3 then adding all components,

streptavidin–horseradish peroxidase and TMB, but without

addition of biotin-HN. Some wells were coated with 2.5,

10, 50, 100, 500, and 5000 nM biotin-HN or biotin-HA to

allow conversion of the OD measurements to concentra-

tions of bound material. Before analysis, the OD from the

data was corrected for nonspecific binding by subtracting

the mean background absorbance for the negative controls.

Typically, in control wells incubated on each plate, the

background binding is about 10–15% of the maximum

binding seen with addition of biotin-HN or biotin-HA or

antibodies. Statistical analysis was determined by the

GRAPHPAD PRISM 8.4.2 software (San Diego, CA, USA).

Data were expressed as the mean � SD. Three to five inde-

pendent experiments were carried out in triplicate for each

assay condition.

TCEP-HCl reduction and deglycosylation

Glycosylated recombinant His-tagged IGFBP-3 (Speed

BioSystems) and nonglycosylated recombinant IGFBP-3

(MyBioSource, San Diego, CA, USA) were used as

reported earlier [69]. Glycosylated human CD44 recombi-

nant protein was purchased from Sino Biological (Wayne,

PA, USA). To cleave N-linked glycans, the proteins were

treated with PNGase F for 4 h at 37 °C under nondenatur-

ing conditions according to the manufacturer’s specifica-

tion. To reduce the proteins and following previous

protocols [47], the purified proteins were reduced with

TCEP-HCl (2.5 mM in PBS/1%BSA for 20 min at 4 °C)
and then alkylated by 5 mM NEM for 30 min at 4 °C, to
permanently block disulfide bond formation. As control,

nonreduced samples treated with only 5 mM NEM were

used.

MTT assay

The MTT reduction assay (Sigma-Aldrich), used to mea-

sure cell viability, was employed as we reported earlier

[48,60,66,67]. Cells were seeded in 96-well plates as indi-

cated in 200 μL 10% FBS-supplemented media per well

and maintained overnight at 95% humidity and 5% CO2.

After an overnight incubation, the media was replaced with

200 μL serum-free media and the cells were then allowed to

incubate for a further 24, 48, or 72 h. The final concentra-

tion of DMSO in each well never exceeded 0.1%. Follow-

ing treatment, the cells were incubated for 4 h with MTT

(0.5 mg�mL−1) in the dark. The media was carefully

removed, and DMSO (100 μL) was added to dissolve the

formazan crystals. The absorbance was measured at

570 nm in a plate reader. Untreated cells or wells contain-

ing only DMSO and media were used as a positive and

negative control, respectively. Statistical analysis was con-

ducted using GRAPHPAD PRISM version 8.4.2 for Windows.

Significant values were considered at P < 0.05 and more

significant values at P < 0.01, compared with the control.

Statistical analysis

Each experiment in this study was performed in triplicate

and repeated a minimum of three times. Statistical values

are expressed as the mean � standard deviation (SD) as we

reported previously [48,60,66]. To evaluate the statistical

differences, the Mann–Whitney or Kruskal–Wallis

(ANOVA) test was used. All the statistical tests were two-

sided, and a P value of <0.05 was considered statistically

significant in all cases. GRAPHPAD PRISM (GraphPad Soft-

ware, 8.4.2) was used for the statistical analysis.

Results and Discussion

Membranolytic activity is unlikely to be the main

mechanism employed by the IGFBP-3 peptide

Except for IGFBP-1, the IGFBP peptides possess

sequences with stretches of cationic amino acids and

positive charge with IGFBP-3 and IGFBP-5 having

the highest positive charge of +11 at pH 7.4 (Table 1).

In order to examine whether the synthetic IGFBP pep-

tides possess physiochemical features that enable them

to target and disrupt lipids in cell membranes, we used

an in vitro assay as we previously reported [67], to

evaluate their membrane lytic properties.

Briefly, carboxyfluorescein-encapsulated vesicles

were made using a 3 : 1 mixture of 1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine (POPC)/1-Palmitoyl-

2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (POPG)

so that the model membrane would be 25% negatively

charged, similar to that found in cancer cells [67]. The

peptides (20 μM) were added to determine the relative

extent of fluorescent dye leaked from the vesicles.

Increased fluorescence due to leakage of the dye from

the liposomes is indicative of the peptide efficiency to

disrupt liposomes and, by extension, membranes.

Liposome disruption might occur via pore formation
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or due to general solubilization of lipids in a manner

similar to that of detergents [70]. Negative controls

contained 5% DMSO/PBS and no peptide, while the

positive controls (Fig. 1) included Triton X-100 and

cysteine-deleted tachyplesin (CDT), shown previously

to possess an approximate 70–78% membranolytic

activity in the same liposomes at this concentration

[67,71–73].
Compared to CDT, the IGFBP peptides displayed

mild-to-moderate membranolytic activity in the lipo-

some dye leakage assay. Except for mutant IGFBP-3,

the membrane lytic activity and percent dye leakage

appeared to correlate with the degree of overall posi-

tive charge (Table 1, Fig. 1). One explanation might

be that peptides with a greater degree of positive

charge are better attracted to the negatively charged

liposomes. IGFBP-3, IGFBP-5, and IGFBP-6 caused

~ 35%, ~ 39%, and ~ 24% dye leakage, respectively

(Fig. 1). Charge alone is unlikely to account for these

findings, however, since the mutant IGFBP-3 peptide

with a charge of +9 caused only ~ 17% dye leakage as

compared to ~ 35% found for the WT IGFBP-3

peptide (charge of +11) and ~ 24% for the IGFBP-6

peptide with a charge of +6. This might point to K228

and R230 as important amino acids for the modest

membranolytic activity of the IGFBP-3 peptide.

The degree of liposome damage is less than that

reported for membrane-active peptides which tend to

have alternating regions of positive charge and

hydrophobicity [67,71–73], however. The membrane

lytic activities of the IGFBP-3 and IGFBP-5 peptides

and their ability to disrupt the synthetic liposomes

were lower (~ 35–39%) relative to that found for CDT

(~ 72%) (Fig. 1). These results suggest that the mem-

branolytic activity is unlikely to be the main mecha-

nism by which the IGFBP-3 peptide exhibits its

cytotoxic effects.

Stereochemistry is important for the wild-type

IGFBP-3 peptide to both bind HA and to block

viability of A549 cells expressing CD44

We next examined whether the binding of the IGFBP-3

peptide to HA and its cytotoxic effects are stereochemistry-

Fig. 1. The IGFBP-3 peptide has less liposome disruption capability compared to the CDT control. Liposomes were prepared as described in

Materials and methods followed by addition of the IGFBP peptides. Negative controls contained 5% DMSO/PBS, which was predetermined

not to cause dye leakage, while Triton X-100 and CDT were used as positive controls. After a 10-min period, fluorescence values of the

samples in 96-well plates were measured by a spectrofluorometer (filter set to 485 nm excitation and 528 nm emission). Fluorescence

measurements indicate dye leakage corresponding to liposome damage. Triton X-100 detergent (10% v/v in PBS) was used as the positive

control for determination of 100% leakage. Percent liposome dye leakage was calculated, and each column represents the mean � SD of

three independent experiments, each run in triplicate. The asterisks (*P < 0.05, **P < 0.01) indicate a statistically significant difference

from the control. The absence of asterisks indicates no significance, Mann–Whitney test.
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dependent. In vitro cell culture studies have shown that

D- and L-peptides can either have identical perfor-

mance in cell culture cytotoxicity assays or that the D-

peptide derivatives are at times found to be less cyto-

toxic than their L-analogues, while on the other hand,

the L-enantiomer can have lower cytotoxicity than its

D-counterparts [74].

IGFBP-3 peptides (50 nM each) were bound to the

ELISA plate wells; then, 200 nM biotin-HA was added

and processed as described in the Materials and meth-

ods section (Fig. 2A). The data were normalized to the

control incubated with BSA, and fold change relative

to the control was calculated (Fig. 2A). Each column

represents the mean � SD of three independent experi-

ments, each performed in triplicate.

As expected and as we previously found [66], mini-

mal binding to HA was observed upon using the

IGFBP-3 mutant peptide (Table 1, Fig. 2A). The bind-

ing of HA to the IGFBP-3 D-peptide was approxi-

mately 1.5-fold lower compared to that of the L-

peptide. These results suggest that stereochemistry is

an important factor for the interaction between the

IGFBP-3 peptide and HA.

We next compared the effect of the IGFBP-3 D-pep-

tide on the viability of CD44-negative normal human

lung cells (HFL1) and human lung cancer cells (A549)

known to express CD44 [66,75]. Cells were seeded in

96-well plates at 0.2 × 105 cells per well in 10% FBS-

supplemented media. The following day, the cell

monolayers were incubated in serum-free medium for

12 h and then treated as indicated for 48 h with the

media containing the specific components in the differ-

ent treatments replaced every 12 h (Fig. 2B,C).

IGFBP-3 peptides (50 nM) were added to cells in the

absence or presence of the mouse IgG isotype control

with no relevant specificity to a target antigen (mIgG,

5 μg�mL−1) and the CD44 antibody (5F12, 5 μg�mL−1)

known to block HA-CD44 interactions [20,41,76]. We

have previously used the 5F12 antibody to show that

IGFBP-3 binds HA and blocks its interactions with

CD44 [48,66]. The CD44 antibody was added either

separately or 2 h prior to addition of IGFBP-3 pep-

tides. Cell viability was assessed by the MTT assay.

Optical density measurements (570 nm) were normal-

ized by expressing each point in relation to the

untreated control of each cell line (set to 100%). Each

column represents the mean � SD of three indepen-

dent experiments.

Since we previously found [48] that both the

IGFBP-3 protein and its WT peptide bind HA with

comparable affinities, we examined the effect of the

WT L-peptide on cell viability relative to its D-counter-

part (Fig. 2B,C). Treatment of HFL1 cells with the

antibody, 5F12, had little effect on cell viability (Fig. 2

C). This finding was not surprising since HFL1 cells

are known to express very little or no CD44 receptor

[75]. The effects of the IGFBP-3 L-peptide on HFL1

were comparable to those of the D-IGFBP-3 and

mutant peptides (Fig. 2C). This is likely due to the

lack of CD44 expression in these cells since incubation

with both the peptides and the antibody, 5F12, had

only a minor effect compared to treatment with either

the peptides or the antibody.

Consistent with our previous results [48], we found

that the IGFBP-3 L-peptide but not its mutant reduces

the viability of A549 cells, known to express CD44, by

disrupting HA-CD44 interactions (Fig. 2B). Blocking

HA-CD44 interactions in A549 cells with 5F12

reduced cell viability to the same extent as that found

by the addition of only the IGFBP-3 peptide or in

combination (Fig. 2B). The IGFBP-3 mutant peptide

alone, with an impaired HA-binding motif (Table 1),

had little effect on A549 cell viability compared to the

IGFBP-3 L-peptide (Fig. 2B), suggesting that binding

HA is a prerequisite for the IGFBP-3 peptide to exert

its effects on cell viability.

Another important parameter seems to be the

stereochemistry of the peptide since incubation of

A549 cells with the D-IGFBP-3 peptide was not as

efficient at reducing A549 cell viability as compared

to the IGFBP-3 L-peptide (Fig. 2B), findings that

might be accounted for by the reduced binding of the

D-peptide to HA (Fig. 2A). These results point to

stereochemistry as an important factor in the biologi-

cal performance of the IGFBP-3 peptide and suggest

that both the identity of the amino acids in a

sequence and their stereochemistry are important

determinants of the cytotoxic functions of the

IGFBP-3 peptide.

IGFBP-3 N-glycosylation or reduction does not

alter its ability to interact with either HA or HN

Asn89, Asn109, and Asn172 have been identified as

the specific sites of N-linked glycosylation in the N-ter-

minal and linker domains of IGFBP-3 [5]. These

amino acid residues are not located in the IGFBP-3

peptide synthesized in this study that spans residues

215–232, known to contain the binding regions for

both HN [55,56,56] and HA [1,48,49,62,66]. We there-

fore elected to use the full-length IGFBP-3 protein to

examine the effect of glycosylation, if any, on cell via-

bility and the ability of the protein to bind HA or

HN. The effect of glycosylated and nonglycosylated

IGFBP-3 (Materials and methods) on HFL1 and A549

cell viability was assessed by the MTT assay (Fig. 3).
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Fig. 2. WT IGFBP-3 L-peptide is more effective than the D-peptide in both binding HA and in blocking viability of A549 cells that express

CD44 as compared to the CD44-negative cell line, HFL1. (A) IGFBP-3 peptides (50 nM each) were bound to the ELISA plate wells, and then,

200 nM biotin-HA was added and processed as described in the Materials and methods section. The data were normalized to the control

incubated with BSA (control 1), and fold change relative to the control was calculated. Control 2 is a negative control that included bound

WT IGFBP-3 L-peptide and added streptavidin–HRP and TMB without addition of biotin-HA. Each column represents the mean � SD of

three independent experiments, each run in triplicate. The asterisks (**P < 0.01) indicate a statistically significant difference from control 1

and of the IGFBP-3 L-peptide compared to the D-counterpart. The absence of asterisks indicates no significance, Mann–Whitney test. (B, C)

IGFBP-3 peptides were added to cells in the absence or presence of the mIgG (5 μg�mL−1) antibody control or the CD44, 5F12 antibody

(5 μg�mL−1), known to block HA-CD44 interactions. Cell viability was assessed by the MTT assay. Cells were seeded in 96-well plates at

0.2 × 105 cells per well in 10% FBS-supplemented media. The following day, the cell monolayers were incubated in serum-free medium for

12 h and then treated as indicated for 48 h with the media containing the specific components in the different treatments replaced every

12 h. The concentration of IGFBP-3 peptides added was 50 nM. The mIgG and CD44 antibodies were added either separately or 2 h prior to

addition of IGFBP-3 peptides. Optical density measurements (570 nm) were normalized by expressing each point in relation to the untreated

control of each cell line (set to 100%). Each column represents the mean � SD of three independent experiments, each run in triplicate.

Asterisks (*) indicate a statistically significant difference from the corresponding untreated cell line control, *P < 0.05, **P < 0.01 of each

cell line. The absence of asterisks indicates no significance, Mann–Whitney test.
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Cells were seeded in 96-well plates at 0.2 × 105 cells

per well in 10% FBS-supplemented media. After 24 h,

the cells were incubated in serum-free medium for 12 h

and then treated as indicated for 48 h with the media

containing the specific components in the different

treatments replaced every 12 h. The glycosylated or

nonglycosylated IGFBP-3 protein (50 nM) was added

to cells in the absence or presence of the CD44 anti-

body, 5F12, known to block HA-CD44 interactions.

The CD44 antibody (5 μg�mL−1) was added either sep-

arately or 2 h prior to addition of the IGFBP-3 pro-

teins. Optical density measurements (570 nm) were

normalized by expressing each point in relation to the

untreated control of each cell line (set to 100%). Each

column represents the mean � SD of three indepen-

dent experiments, each carried out in triplicate

(Fig. 3).

Compared to the lack of effect observed using the

CD44-negative cell line, HFL1, a comparable decrease

in A549 cell viability was found upon using either gly-

cosylated or nonglycosylated IGFBP-3 protein. While

we have no data to suggest that there are conforma-

tional changes of the IGFBP-3 protein upon glycosyla-

tion, the lack of effect on cell viability upon

glycosylation of Asn89, Asn109, and Asn172 suggests

that changes in protein conformation, if any, are not

important for the cytotoxic effects of IGFBP-3.

We previously found that the 18-amino acid residue

peptide (215-KKGFYKKKQCRPSKGRKR-232) is able

to bind HA with comparable affinity as that found for

the full-length IGFBP-3 protein and that the HA-bind-

ing site is largely contained within this basic region of

the protein [48,66]. To disrupt the HA-binding motif

and to identify amino acid residues important for
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Fig. 3. A comparable decrease in A549 cell viability is observed upon using either glycosylated or nonglycosylated IGFBP-3 protein. IGFBP-3

protein glycosylated (Gly) or nonglycosylated (Non-Gly) was added (50 nM) to cells in the absence or presence of the CD44 antibody, 5F12,

known to block HA-CD44 interactions. Cell viability was assessed by the MTT assay. Cells were seeded in 96-well plates at 0.2 × 105 cells

per well in 10% FBS-supplemented media. The following day, the cell monolayers were incubated in serum-free medium for 12 h and then

treated as indicated for 48 h with the media containing the specific components in the different treatments replaced every 12 h. The CD44

antibody (5 μg�mL−1) was added either separately or 2 h prior to addition of IGFBP-3 proteins. Optical density measurements (570 nm) were

normalized by expressing each point in relation to the untreated control of each cell line (set to 100%). Each column represents the

mean � SD of three independent experiments, each performed in triplicate. Asterisks (*) indicate a statistically significant difference from

the corresponding untreated cell line control, *P < 0.05, **P < 0.01 of each cell line. The absence of asterisks indicates no significance,

Mann–Whitney test.
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binding HA, we synthesized the K228AR230A mutant

peptide and found that these mutations completely

abolished the peptide’s ability to bind HA [66].

To examine whether glycosylation or reduction of

IGFBP-3 alters the ability of the protein to bind either

HN or HA, in vitro, glycosylated or nonglycosylated

IGFBP-3 reduced or nonreduced (50 nM, Materials

and methods) was absorbed to microtiter plate wells

and allowed to bind overnight at 4 °C. Biotin-HN or

biotin-HA was then added at concentrations ranging

from 0 to 2000 nM and incubated in triplicate wells

(one experiment) overnight at 4 °C (Table 2, Fig. 4).

Following methods we previously used [48,60,66,68],

to monitor nonspecific binding, negative control wells

on the plates included bound IGFBP-3 then adding

streptavidin–horseradish peroxidase and TMB without

addition of biotin-HN or biotin-HA.

None of the modifications had an effect on the bind-

ing of IGFBP-3 to HN or HA (Table 2, Fig. 4). None

of the residues known to be glycosylated in IGFBP-3

(Asn89, Asn109, and Asn172) are located in the

IGFBP-3 C-terminal region containing amino acid

residues, 215–232, and only cysteine 224 is found in

this 18-amino acid basic motif. Therefore, no residues

are known to be glycosylated in this region and no

disulfide bonds can be formed. Similarly, HN was also

found to bind the 215–232 residue peptide in a manner

similar to that of the full-length protein [48,66]. The

finding that glycosylation and reduction do not alter

the binding of IGFBP-3 to either HA or HN suggests

that the basic 18-amino acid residue sequence of

IGFBP-3 remains accessible to either HN or HA upon

glycosylation or reduction of the full-length protein.

Both deglycosylation and disulfide bond

formation are important for the ability of CD44 to

compete with IGFBP-3 for binding HA

Previous reports have shown that the strength of the

HA-CD44 interaction is modulated by attachment of

carbohydrates to O- and N-linked glycosylation sites

on the extracellular portion of CD44 that includes the

HA-binding domain, HABD [20,21,33,37,41]. While

inhibition of O-glycosylation did not have a significant

effect on the frequency of binding of either CD44v or

CD44s to HA [19], N-linked glycosylation was shown

to positively correlate with binding of CD44 to HA in

lung epithelium-derived tumor cells expressing CD44s

which include the A549 cells used in this study [21,43].

We, therefore, tested the effect of removing N-linked

oligosaccharides from CD44, upon PNGase F treat-

ment (Materials and methods), on its ability to com-

pete with IGFBP-3 for binding HA (Table 3, Fig. 5).

Since neither glycosylation nor reduction appeared to

affect the binding of IGFBP-3 to HA (Table 2, Fig. 4

A,B), glycosylated IGFBP-3 (10 nM) was bound to the

ELISA plate wells (Table 3, Fig. 5). A single concen-

tration of biotin-HA (100 nM), according to methods

we used earlier [48], was incubated for 1 h with vary-

ing concentrations of glycosylated or nonglycosylated

CD44 (0–1000 nM) before loading into the IGFBP-3-

coated wells (Table 3, Fig. 5). Streptavidin–horseradish
peroxidase was then added at the manufacturer’s rec-

ommendation and incubated for 3 h at RT, and the

color was developed as described in the Materials and

methods section.

The results showed that nonglycosylated CD44 was

more efficient at inhibiting the binding of biotin-HA to

immobilized IGFBP-3 than glycosylated CD44 (Table 3,

Fig. 5). The concentration of CD44 indicated by the

arrows on the x-axis (Fig. 5) that corresponded to 50%

inhibition was found to be 9 � 2 nM for nonglycosylated

CD44. This value increased to 128 � 24 nM upon using

the glycosylated protein, suggesting that removing the N-

linked oligosaccharides strengthened the ability of CD44

to compete with IGFBP-3 for binding HA.

We next tested whether reduction of CD44 affects

its ability to compete with IGFBP-3 for binding HA.

It was previously found that CD44 activity is regulated

by the extracellular redox environment via the

Table 2. Effect of IGFBP-3 modifications on its binding to HA or HN. IGFBP-3 (50 nM) was bound to the ELISA plate wells, and then,

0–2 μM biotin-HA or biotin-HN was added and processed as described in the Materials and methods section. The blank containing all

components but without biotin-HA or biotin-HN was subtracted from all values; then, the optical density was normalized by expressing each

point in relation to the best-fitted Emax value (set to 100%). The concentration of biotin-HA or biotin-HN (nM) that produced 50% of

maximum binding is shown as the mean � SD of three independent experiments, each run in triplicate. Controls included samples that

were alkylated without prior reduction.

IGFBP-3

Nonglycosylated

IGFBP-3

Glycosylated

IGFBP-3

Nonglycosylated/Reduced
IGFBP-3

Glycosylated/Reduced

Biotin-HA 182 � 32 180 � 28 176 � 26 190 � 28

Biotin-HN 92 � 16 104 � 14 96 � 12 98 � 16
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secretion of thiol reductase and protein disulfide iso-

merase [45] enzymes. A labile disulfide bond formed

by Cys77 and Cys97 in CD44 was shown to be impor-

tant for stabilizing the HA-binding groove [47]. Reduc-

tion of this bond inhibited HA-CD44 interaction

in vitro, and the ability of cells to adhere to HA-coated

surfaces was blocked by pretreatment with reducing

agents [47]. Moreover, reduction of recombinant sol-

uble CD44 was found to inhibit its ability to bind HA

[47].

ELISA binding assays were carried out as described

for glycosylated and nonglycosylated CD44 (Table 3,
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Fig. 4. Binding of biotin-HN or biotin-HA to IGFBP-3 is not altered by IGFBP-3 glycosylation. Binding of biotin-HN or biotin-HA to immobilized

glycosylated or nonglycosylated IGFBP-3 was measured by ELISA. IGFBP-3 (50 nM) was bound to the wells; then, increasing concentrations

of biotin-HN or biotin-HA were added and processed as described in the Materials and methods. The curves were drawn using the GRAPHPAD

PRISM 8.4.2 software. Data were expressed as the mean � SD of three independent experiments.

Table 3. Effect of CD44 modifications on its competition with IGFBP-3 for binding HA. IGFBP-3 (10 nM) was bound to ELISA plate wells.

Biotin-HA (100 nM) was then added with increasing concentrations of CD44 and processed as described in the Materials and methods

section. The blank containing all components but without biotin-HA was subtracted from all values; then, the optical density was normalized

by expressing each point in relation to the best-fitted Emax value (set to 100%). The concentration of CD44 (nM) that produced 50% of

maximum binding is shown as the mean � SD of three independent experiments, each run in triplicate. Controls included samples that

were alkylated without prior reduction.

CD44

Nonglycosylated

CD44

Glycosylated

CD44

Nonglycosylated/Reduced
CD44

Glycosylated/Reduced

Biotin-HA 9 � 2 128 � 24 176 � 37 210 � 41
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Fig. 5). Our results show that CD44 was relatively

ineffective at blocking HA-IGFBP-3 interactions when

reduced (Table 3, Fig. 5). The concentration of CD44

(nonglycosylated/reduced) that resulted in 50% inhibi-

tion of the binding of biotin-HA to IGFBP-3 was

176 � 37 as compared to 9 � 2 for CD44 (nonglycosy-

lated) (Table 3, Fig. 5). Of all the treatments, the high-

est CD44 concentration (210 � 41 nM) needed to

result in 50% inhibition of the binding between biotin-

HA and IGFBP-3 bound to the wells was that of the

glycosylated and reduced protein (Table 3, Fig. 5),

suggesting that both deglycosylation and disulfide

bond formation are important for the ability of CD44

to compete with IGFBP-3 for binding HA.

Conclusion

In this study, we examined properties that might be

important for the interaction of IGFBP-3 with HA.

The C-terminal domain of IGFBP-3 is known to con-

tain an 18-basic amino acid motif defined by amino

acid residues 215–232 of mature IGFBP-3, previously

shown to bind heparin and certain glycosaminogly-

cans, including HA [1,6,49–51]. Using an in vitro

assay, as we reported previously [67] where fluores-

cence measurements indicate dye leakage correspond-

ing to membrane damage, we tested whether the

synthetic cationic 18 residue peptide (Table 1) pos-

sesses physiochemical features with membrane lytic

properties. Relative to CDT, shown previously to have

an approximate 70–78% membranolytic activity

[67,71–73], the IGFBP-3 peptide only exhibited

mild-to-moderate activity in the liposome dye leakage

assay (Fig. 1). These findings might rule out the mem-

branolytic activity as a main mechanism used by

IGFBP-3 to induce its effects.

D-peptides and L-peptides can either exhibit their

effects in an identical manner in cell culture cytotoxic-

ity assays, or D-peptide derivatives can be more or less

cytotoxic than their stereochemically opposite L-coun-

terparts [74]. The IGFBP-3 D-peptide was synthesized

in order to examine whether the binding of the

IGFBP-3 peptide to HA and its cytotoxic effects are

dependent upon stereochemistry. The IGFBP-3 D-pep-

tide bound HA with an approximate 1.5-fold decrease

compared to the L-peptide (Fig. 2A). These results sug-

gest that stereochemistry is an important factor for the

interaction between the IGFBP-3 peptide and HA.

Since we found earlier [48] that both the IGFBP-3 pro-

tein and its WT peptide bind HA with comparable

affinities, we tested the effect of the WT L-peptide on

cell viability relative to its D-counterpart (Fig. 2B,C).

Using the CD44-negative normal human lung cells

(HFL1) and human lung cancer cells (A549) known to

express CD44 [66,75], we found that the IGFBP-3

L-peptide, but not its mutant, reduces A549 cell viabil-

ity by disrupting HA-CD44 interactions (Fig. 2B,C), a

result consistent with our previous reports [48]. Treat-

ment of A549 cells with the IGFBP-3 D-peptide, how-

ever, reduced cell viability by only ~ 23%, compared

to the reduction of ~ 52% obtained with the IGFBP-3

L-peptide (Fig. 2B,C). These findings might be

accounted for by the reduced binding of the IGFBP-3

D-peptide to HA (Fig. 2A). These results show that
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Fig. 5. Deglycosylation and disulfide bonds increase the ability of CD44 to compete with IGFBP-3 for binding biotin-HA. IGFBP-3 (10 nM)

was bound to the ELISA plate wells. Biotin-HA (100 nM) was then added along with increasing concentrations of CD44. The curves were

drawn using the GRAPHPAD PRISM 8.4.2 software. Data were expressed as the mean � SD of three independent experiments, each run in

triplicate. Arrows on the x-axis indicate the CD44 concentration that corresponds to 50% inhibition for each curve. The dashed line indicates

50% of maximum binding.
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stereochemistry, along with the identity of the amino

acid residues, is an important determinant of the bind-

ing of the IGFBP-3 peptide to HA and for execution

of its biological performance.

IGFBP-3 is known to be glycosylated on Asn89,

Asn109, and Asn172 in the N-terminal and linker

domains [5]. These amino acid residues are not located

in the IGFBP-3 segment composed of the 18-amino

acid basic motif defined by residues 215–232 and

known to contain the binding regions for both HN

[55,56,56] and HA [1,48,49,62,66]. The decrease in

A549 cell viability was not altered upon treatment with

either the glycosylated or nonglycosylated IGFBP-3

protein (Fig. 3). Furthermore, binding of IGFBP-3 to

either HA or HN was unaffected by glycosylation or

reduction of the nine disulfide bonds, six of which

located in the N-terminal domain and three in the C-

terminal domain [1,5] (Table 2, Fig. 4). Only cysteine

224 is located in the 18-amino acid basic motif of the

protein (Table 1). Therefore, no residues are known to

be glycosylated in this region and no disulfide bonds

can be formed. We previously showed that the 18-

amino acid basic peptide is able to bind HA or HN

with comparable affinities to that found for the full-

length IGFBP-3 protein, in vitro, and that the HA-

binding site is predominantly contained within this

basic region of the protein [48,66]. Thus, our data

might suggest that the basic 18-amino acid residue

sequence (215-KKGFYKKKQCRPSKGRKR-232) of

IGFBP-3 remains accessible for interaction with either

HN or HA upon glycosylation or reduction of the

full-length protein (Fig. 6).

The strength of HA-CD44 interaction is known to

be modulated by attachment of carbohydrates to

O- and N-linked glycosylation sites on the extracellular

portion of CD44 that include HABD, the HA-binding

domain, [20,21,33,37,41]. N-linked glycosylation was

found earlier to positively correlate with binding of

CD44 to HA in lung epithelium-derived tumor cells

expressing CD44s which include the A549 cells used in

this study [21,43]. Inhibition of O-glycosylation did

not significantly affect the frequency of binding of

either CD44v or CD44s to HA [19]. Consistent with

previous reports [42], removing N-linked oligosaccha-

rides from CD44 by treatment with PNGase F

increased its ability to compete with IGFBP-3 for

De-N-glycosylated and oxidized 

CD44 competes with IGFBP-3 for 

binding HA

Glycosylated and reduced CD44 is 

less able to compete with IGFBP-3 for 

binding HA
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Fig. 6. Schematic representation of the

main findings of this study. Binding of

IGFBP-3 to either humanin (HN) or to the

glycosaminoglycan, hyaluronan (HA), is not

affected by either glycosylation or

reduction. Glycosylated and reduced CD44

is less able than de-N-glycosylated and

oxidized CD44 to compete with IGFBP-3

for binding HA.
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binding HA (Table 3, Fig. 5). Previous studies showed

that reduction of a labile Cys77–Cys97 disulfide bond

in CD44 blocked HA-CD44 interaction in vitro and

the ability of cells to adhere to HA-coated surfaces

[47]. In accord with these studies, our results show that

CD44 was relatively ineffective at blocking HA-

IGFBP-3 interactions when reduced (Table 3, Fig. 5),

suggesting that both deglycosylation and disulfide

bond formation are important for the ability of CD44

to compete with IGFBP-3 for binding HA (Fig. 6).

How signaling between IGFBP-3 and other molecu-

lar players, such as IGFBP-7, might modulate its abil-

ity to curb proliferation and induce apoptosis merits

further investigation. Our laboratory is currently prob-

ing into regulation of the interactions between IGFBP-

3 and HA and consequent outcome on HA-CD44 sig-

naling in cell lines expressing different levels of CD44

and IGFBP-3.
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12 Põld M, Krysan K, Põld A, Dohadwala M, Heuze-

Vourc’h N, Mao JT, Riedl KL, Sharma S and Dubinett

SM (2004) Cyclooxygenase-2 modulates the insulin-like

growth factor axis in non–small-cell lung cancer. Cancer

Res 64, 6549–6555.
13 Ho GYF, Zheng SL, Cushman M, Perez-Soler R, Kim

M, Xue X, Wang T, Schlecht NF, Tinker L, Rohan TE

et al. (2016) Associations of insulin and IGFBP-3 with

lung cancer susceptibility in current smokers. J Natl

Cancer Inst 108, 1–8.
14 McCarthy K, Laban C, McVittie CJ, Ogunkolade W,

Khalaf S, Bustin S, Carpenter R and Jenkins PJ (2009)

The expression and function of IGFBP-3 in normal and

malignant breast tissue. Anticancer Res 29, 3785–3790.
15 Marzec KA, Baxter RC and Martin JL (2015)

Targeting insulin-like growth factor binding protein-3

signaling in triple-negative breast cancer. Biomed Res

Int 2015, 638526.

16 Lee H-Y, Chun K-H, Liu B, Wiehle SA, Cristiano

RJ, Hong WK, Cohen P and Kurie JM (2002)

Insulin-like growth factor binding protein-3 inhibits

the growth of non-small cell lung cancer. Cancer Res

62, 3530–3537.
17 Wang YA, Sun Y, Palmer J, Solomides C, Huang L-C,

Shyr Y, Dicker AP and Lu B (2017) IGFBP3

modulates lung tumorigenesis and cell growth through

IGF1 signaling. Mol Cancer Res 15, 896–904.
18 Jin L, Shen F, Weinfeld M and Sergi C (2020) Insulin

growth factor binding protein 7 (IGFBP7)-related

cancer and IGFBP3 and IGFBP7 crosstalk. Front

Oncol 10, 727.

19 Raman PS, Alves CS, Wirtz D and Konstantopoulos K

(2012) Distinct kinetic and molecular requirements

govern CD44 binding to hyaluronan versus fibrin

(ogen). Biophys J 103, 415–423.
20 Misra S, Heldin P, Hascall VC, Karamanos NK,

Skandalis SS, Markwald RR and Ghatak S (2011) HA/
CD44 interactions as potential targets for cancer

therapy. FEBS J 278, 1429–1443.
21 Misra S, Hascall VC, Markwald RR and Ghatak S

(2015) Interactions between hyaluronan and its

receptors (CD44, RHAMM) regulate the activities of

inflammation and cancer. Front Immunol 6, 201.

22 Sherman LS, Matsumoto S, Su W, Srivastava T and

Back SA (2015) Hyaluronan synthesis, catabolism, and

signaling in neurodegenerative diseases. Int J Cell Biol

2015, e368584.

23 Chanmee T, Ontong P, Kimata K and Itano N (2015)

Key roles of hyaluronan and its CD44 receptor in the

stemness and survival of cancer stem cells. Front Oncol

5, 180.

24 Toole BP (2004) Hyaluronan: from extracellular glue to

pericellular cue. Nat Rev Cancer 4, 528–539.

25 Kultti A, Li X, Jiang P, Thompson CB, Frost GI and

Shepard HM (2012) Therapeutic targeting of

hyaluronan in the tumor stroma. Cancers (Basel) 4,

873–903.
26 Nikitovic D, Kouvidi K, Kavasi R-M, Berdiaki A and

Tzanakakis GN (2016) Hyaluronan/hyaladherins – a

promising axis for targeted drug delivery in cancer.

Curr Drug Deliv 13, 500–511.
27 Liu M, Tolg C and Turley E (2019) Dissecting the dual

nature of hyaluronan in the tumor microenvironment.

Front Immunol 10, 947.

28 Toole BP and Slomiany MG (2008) Hyaluronan, CD44

and Emmprin: partners in cancer cell chemoresistance.

Drug Resist Updat 11, 110–121.
29 Ahrens T, Sleeman JP, Schempp CM, Howells N,

Hofmann M, Ponta H, Herrlich P and Simon JC (2001)

Soluble CD44 inhibits melanoma tumor growth by

blocking cell surface CD44 binding to hyaluronic acid.

Oncogene 20, 3399–3408.
30 Chen C, Zhao S, Karnad A and Freeman JW (2018)

The biology and role of CD44 in cancer progression:

therapeutic implications. J Hematol Oncol 11, 64.

31 Mattheolabakis G, Milane L, Singh A and Amiji MM

(2015) Hyaluronic acid targeting of CD44 for cancer

therapy: from receptor biology to nanomedicine. J Drug

Target 23, 605–618.
32 Banerji S, Day AJ, Kahmann JD and Jackson DG

(1998) Characterization of a functional hyaluronan-

binding domain from the human CD44 molecule

expressed in Escherichia coli. Protein Expr Purif 14,

371–381.
33 Dzwonek J and Wilczynski GM (2015) CD44:

molecular interactions, signaling and functions in the

nervous system. Front Cell Neurosci 9, 175.

34 Raso-Barnett L, Banky B, Barbai T, Becsagh P, Timar

J and Raso E (2013) Demonstration of a melanoma-

specific CD44 alternative splicing pattern that remains

qualitatively stable, but shows quantitative changes

during tumour progression. PLoS One 8, e53883.

35 Song JM, Molla K, Anandharaj A, Cornax I,

O’Sullivan MG, Kirtane AR, Panyam J and Kassie F

(2017) Triptolide suppresses the in vitro and in vivo

growth of lung cancer cells by targeting

hyaluronan-CD44/RHAMM signaling. Oncotarget 8,

26927–26940.
36 Zhao P, Damerow MS, Stern P, Liu AH, Sweet-Cordero

A, Siziopikou K, Neilson JR, Sharp PA and Cheng C

(2013) CD44 promotes Kras-dependent lung

adenocarcinoma. Oncogene 32, 5186–5190.
37 Lesley J, English NM, Gál I, Mikecz K, Day AJ and

Hyman R (2002) Hyaluronan binding properties of a

CD44 Chimera containing the link module of TSG-6. J

Biol Chem 277, 26600–26608.
38 Bajorath J, Greenfield B, Munro SB, Day AJ and

Aruffo A (1998) Identification of CD44 residues

1682 FEBS Open Bio 10 (2020) 1668–1684 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Properties influencing IGFBP-3-HA interactions S. Dorandish et al.



important for hyaluronan binding and delineation of

the binding site. J Biol Chem 273, 338–343.
39 del Carmen Fernandez-Alonso M, Diaz D, Berbis MA,

Marcelo F, Canada J and Jimenez-Barbero J (2012)

Protein-carbohydrate interactions studied by NMR:

from molecular recognition to drug design. Curr Protein

Pept Sci 13, 816–830.
40 Wang D, Narula N, Azzopardi S, Smith RS, Nasar A,

Altorki NK, Mittal V, Somwar R, Stiles BM and Du

Y-CN (2016) Expression of the receptor for hyaluronic

acid mediated motility (RHAMM) is associated with

poor prognosis and metastasis in non-small cell lung

carcinoma. Oncotarget 7, 39957–39969.
41 Aruffo A, Stamenkovic I, Melnick M, Underhill CB

and Seed B (1990) CD44 is the principal cell surface

receptor for hyaluronate. Cell 61, 1303–1313.
42 English NM, Lesley JF and Hyman R (1998) Site-

specific de-N-glycosylation of CD44 can activate

hyaluronan binding, and CD44 activation states show

distinct threshold densities for hyaluronan binding.

Cancer Res 58, 3736–3742.
43 Senbanjo LT and Chellaiah MA (2017) CD44: a

multifunctional cell surface adhesion receptor is a

regulator of progression and metastasis of cancer cells.

Front Cell Dev Biol 5, 18.

44 Guvench O (2015) Revealing the mechanisms of protein

disorder and N-glycosylation in CD44-hyaluronan binding

using molecular simulation. Front Immunol 6, 305.

45 Metcalfe C, Cresswell P, Ciaccia L, Thomas B and

Barclay AN (2011) Labile disulfide bonds are common

at the leucocyte cell surface. Open Biol 1, 110010.

46 Lee E and Lee DH (2017) Emerging roles of protein

disulfide isomerase in cancer. BMB Rep 50, 401–410.
47 Kellett-Clarke H, Stegmann M, Barclay AN and

Metcalfe C (2015) CD44 binding to hyaluronic acid is

redox regulated by a labile disulfide bond in the

hyaluronic acid binding site. PLoS One 10, e0138137.

48 Muterspaugh R, Price D, Esckilsen D, McEachern S,

Guthrie J, Heyl D and Evans HG (2018) Interaction of

insulin-like growth factor-binding protein 3 with

hyaluronan and its regulation by humanin and CD44.

Biochemistry 57, 5726–5737.
49 Fowlkes JL and Serra DM (1996) Characterization of

glycosaminoglycan-binding domains present in insulin-like

growth factor-binding protein-3. J Biol Chem 271,

14676–14679.
50 Fowlkes JL, Thrailkill KM, George-Nascimento C,

Rosenberg CK and Serra DM (1997) Heparin-binding,

highly basic regions within the thyroglobulin type-1

repeat of insulin-like growth factor (IGF)-binding

proteins (IGFBPs) -3, -5, and -6 inhibit IGFBP-4

degradation. Endocrinology 138, 2280–2285.
51 Booth BA, Boes M, Andress DL, Dake BL, Kiefer

MC, Maack C, Linhardt RJ, Bar K, Caldwell EE and

Weiler J (1995) IGFBP-3 and IGFBP-5 association with

endothelial cells: role of C-terminal heparin binding

domain. Growth Regul 5, 1–17.
52 Hashimoto Y, Niikura T, Ito Y, Sudo H, Hata M,

Arakawa E, Abe Y, Kita Y and Nishimoto I (2001)

Detailed characterization of neuroprotection by a

rescue factor humanin against various Alzheimer’s

disease-relevant insults. J Neurosci 21, 9235–9245.
53 Hashimoto Y, Niikura T, Tajima H, Yasukawa T,

Sudo H, Ito Y, Kita Y, Kawasumi M, Kouyama K,

Doyu M et al. (2001) A rescue factor abolishing

neuronal cell death by a wide spectrum of familial

Alzheimer’s disease genes and Abeta. Proc Natl Acad

Sci USA 98, 6336–6341.
54 Ikonen M, Liu B, Hashimoto Y, Ma L, Lee K-W,

Niikura T, Nishimoto I and Cohen P (2003) Interaction

between the Alzheimer’s survival peptide humanin and

insulin-like growth factor-binding protein 3 regulates

cell survival and apoptosis. Proc Natl Acad Sci USA

100, 13042–13047.
55 Xiao J, Kim S-J, Cohen P and Yen K (2016) Humanin:

functional interfaces with IGF-I. Growth Horm IGF Res

29, 21–27.
56 Yen K, Lee C, Mehta H and Cohen P (2013) The

emerging role of the mitochondrial-derived peptide

humanin in stress resistance. J Mol Endocrinol 50,

R11–R19.

57 Lee C, Yen K and Cohen P (2013) Humanin: a

harbinger of mitochondrial-derived peptides? Trends

Endocrinol Metab 24, 222–228.
58 Zuccato CF, Asad AS, Nicola Candia AJ, Gottardo MF,

Moreno Ayala MA, Theas MS, Seilicovich A and

Candolfi M (2019) Mitochondrial-derived peptide

humanin as therapeutic target in cancer and degenerative

diseases. Expert Opin Ther Targets 23, 117–126.
59 Njomen E, Evans HG, Gedara SH and Heyl DL (2015)

Humanin peptide binds to insulin-like growth factor-

binding protein 3 (IGFBP3) and regulates its

interaction with importin-β. Protein Pept Lett 22,

869–876.
60 Price D, Dorandish S, Williams A, Iwaniec B,

Stephens A, Marshall K, Guthrie J, Heyl D and

Evans HG (2020) Humanin blocks the aggregation of

amyloid-β induced by acetylcholinesterase, an effect

abolished in the presence of IGFBP-3. Biochemistry

59, 1981–2002.
61 Baxter RC and Martin JL (1989) Structure of the Mr

140,000 growth hormone-dependent insulin-like growth

factor binding protein complex: determination by

reconstitution and affinity-labeling. Proc Natl Acad Sci

USA 86, 6898–6902.
62 Yang YW, Yanagishita M and Rechler MM (1996)

Heparin inhibition of insulin-like growth factor-binding

protein-3 binding to human fibroblasts and rat glioma

cells: role of heparan sulfate proteoglycans.

Endocrinology 137, 4363–4371.

1683FEBS Open Bio 10 (2020) 1668–1684 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

S. Dorandish et al. Properties influencing IGFBP-3-HA interactions



63 Johnson MA and Firth SM (2014) IGFBP-3: a cell fate

pivot in cancer and disease. Growth Horm IGF Res 24,

164–173.
64 Graham ME, Kilby DM, Firth SM, Robinson PJ

and Baxter RC (2007) The in vivo phosphorylation

and glycosylation of human insulin-like growth

factor-binding protein-5. Mol Cell Proteomics 6,

1392–1405.
65 Hwa V, Oh Y and Rosenfeld RG (1999) The insulin-

like growth factor-binding protein (IGFBP)

superfamily. Endocr Rev 20, 761–787.
66 Price D, Muterspaugh R, Clegg B, Williams A,

Stephens A, Guthrie J, Heyl D and Guy Evans H

(2020) IGFBP-3 blocks hyaluronan-CD44 signaling,

leading to increased acetylcholinesterase levels in A549

cell media and apoptosis in a p53-dependent manner.

Sci Rep 10, 5083–5099.
67 Evans HG, Guthrie JW, Jujjavarapu M, Hendrickson

N, Eitel A, Park Y, Garvey J, Newman R, Esckilsen D

and Heyl DL (2017) D-amino acid analogues of the

antimicrobial peptide CDT exhibit anti-cancer

properties in A549, a human lung adenocarcinoma cell

line. Protein Pept Lett 24, 590–598.
68 Heyl DL, Iwaniec B, Esckilsen D, Price D, Guttikonda

P, Cooper J, Lombardi J, Milletti M and Evans HG

(2019) Using small peptide segments of amyloid-β and

humanin to examine their physical interactions. Protein

Pept Lett 26, 502–511.
69 Naspi A, Zingariello M, Sancillo L, Panasiti V, Polinari

D, Martella M, Rosa Alba R and Londei P (2017)

IGFBP-3 inhibits Wnt signaling in metastatic

melanoma cells. Mol Carcinog 56, 681–693.

70 Jimah JR, Schlesinger PH and Tolia NH (2017).

Liposome disruption assay to examine lytic properties

of biomolecules. Bio Protoc 7, e2433.

71 Wood SJ, Park YA, Kanneganti NP, Mukkisa HR,

Crisman LL, Davis SE, Vandenbosch JL, Scaglione JB

and Heyl DL (2014) Modified cysteine-deleted

tachyplesin (CDT) analogs as linear antimicrobial

peptides: influence of chain length, positive charge, and

hydrophobicity on antimicrobial and hemolytic activity.

Int J Pept Res Ther 20, 519–530.
72 Schweizer F (2009) Cationic amphiphilic peptides

with cancer-selective toxicity. Eur J Pharmacol 625,

190–194.
73 Ramamoorthy A, Thennarasu S, Tan A, Gottipati K,

Sreekumar S, Heyl DL, An FYP and Shelburne CE

(2006) Deletion of all cysteines in tachyplesin I abolishes

hemolytic activity and retains antimicrobial activity and

LPS selective binding. Biochemistry 45, 6529–6540.
74 Melchionna M, Styan KE and Marchesan S (2016) The

unexpected advantages of using D-amino acids for

peptide self-assembly into nanostructured hydrogels for

medicine. Curr Top Med Chem 16, 2009–2018.
75 Quan YH, Kim B, Park J-H, Choi Y, Choi YH and

Kim HK (2014) Highly sensitive and selective

anticancer effect by conjugated HA-cisplatin in non-

small cell lung cancer overexpressed with CD44. Exp

Lung Res 40, 475–484.
76 Arabi L, Badiee A, Mosaffa F and Jaafari MR (2015)

Targeting CD44 expressing cancer cells with anti-CD44

monoclonal antibody improves cellular uptake and

antitumor efficacy of liposomal doxorubicin. J Control

Release 220, 275–286.

1684 FEBS Open Bio 10 (2020) 1668–1684 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Properties influencing IGFBP-3-HA interactions S. Dorandish et al.


	Outline placeholder
	feb412919-aff-0001

	 Mate�ri�als and meth�ods
	 Mate�ri�als
	 Solid-phase pep�tide syn�the�sis and purifi�ca�tion
	feb412919-tbl-0001
	 Lipo�some dye leak�age
	 Cell cul�ture
	 ELISA
	 TCEP-HCl reduc�tion and deg�ly�co�sy�la�tion
	 MTT assay
	 Sta�tis�ti�cal anal�y�sis

	 Results and Dis�cus�sion
	 Mem�bra�nolytic activ�ity is unlikely to be the main mech�a�nism employed by the IGFBP-3 pep�tide
	 Stere�o�chem�istry is impor�tant for the wild-type IGFBP-3 pep�tide to both bind HA and to block via�bil�ity of A549 cells express�ing CD44
	feb412919-fig-0001
	 IGFBP-3 N-gly�co�sy�la�tion or reduc�tion does not alter its abil�ity to inter�act with either HA or HN
	feb412919-fig-0002
	feb412919-fig-0003
	 Both deg�ly�co�sy�la�tion and disul�fide bond for�ma�tion are impor�tant for the abil�ity of CD44 to com�pete with IGFBP-3 for bind�ing HA
	feb412919-tbl-0002
	feb412919-fig-0004
	feb412919-tbl-0003

	 Con�clu�sion
	feb412919-fig-0005
	feb412919-fig-0006

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	 Data acces�si�bil�ity
	feb412919-bib-0001
	feb412919-bib-0002
	feb412919-bib-0003
	feb412919-bib-0004
	feb412919-bib-0005
	feb412919-bib-0006
	feb412919-bib-0007
	feb412919-bib-0008
	feb412919-bib-0009
	feb412919-bib-0010
	feb412919-bib-0011
	feb412919-bib-0012
	feb412919-bib-0013
	feb412919-bib-0014
	feb412919-bib-0015
	feb412919-bib-0016
	feb412919-bib-0017
	feb412919-bib-0018
	feb412919-bib-0019
	feb412919-bib-0020
	feb412919-bib-0021
	feb412919-bib-0022
	feb412919-bib-0023
	feb412919-bib-0024
	feb412919-bib-0025
	feb412919-bib-0026
	feb412919-bib-0027
	feb412919-bib-0028
	feb412919-bib-0029
	feb412919-bib-0030
	feb412919-bib-0031
	feb412919-bib-0032
	feb412919-bib-0033
	feb412919-bib-0034
	feb412919-bib-0035
	feb412919-bib-0036
	feb412919-bib-0037
	feb412919-bib-0038
	feb412919-bib-0039
	feb412919-bib-0040
	feb412919-bib-0041
	feb412919-bib-0042
	feb412919-bib-0043
	feb412919-bib-0044
	feb412919-bib-0045
	feb412919-bib-0046
	feb412919-bib-0047
	feb412919-bib-0048
	feb412919-bib-0049
	feb412919-bib-0050
	feb412919-bib-0051
	feb412919-bib-0052
	feb412919-bib-0053
	feb412919-bib-0054
	feb412919-bib-0055
	feb412919-bib-0056
	feb412919-bib-0057
	feb412919-bib-0058
	feb412919-bib-0059
	feb412919-bib-0060
	feb412919-bib-0061
	feb412919-bib-0062
	feb412919-bib-0063
	feb412919-bib-0064
	feb412919-bib-0065
	feb412919-bib-0066
	feb412919-bib-0067
	feb412919-bib-0068
	feb412919-bib-0069
	feb412919-bib-0070
	feb412919-bib-0071
	feb412919-bib-0072
	feb412919-bib-0073
	feb412919-bib-0074
	feb412919-bib-0075
	feb412919-bib-0076


