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HISTATIn 1, A HISTIDInE-RICH PEPTIDE In  
HuMAn SAlIvA, PROMOTES CEll-SubSTRATE AnD  

CEll-CEll ADHESIOn
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Histatins (Hsts) are histidine-rich peptides exclusively present in the saliva of higher 
primates. In this study, we explored the effects of Hsts on cell-substrate and cell-cell 
adhesion. Histatin (Hst)-1 caused a significant (>2-fold) increase (EC50 = 1 µM) in 
the ability of human adherent cells to attach and spread, even in conditions that 
impaired cell spreading. Other tested Hsts did not stimulate cell spreading, indicating 
a specific effect of Hst1.
The effect of Hst1 on cell-cell adhesion was investigated by using transepithelial 
resistance (TER) measurements in the human cell line Caco-2, a widely used model 
for the epithelial layer. We found that 10 µM Hst1 caused a 20% increase in TER 
compared to the negative control, indicating a function for Hst1 in intercellular cell 
adhesion and epithelial integrity. A role for Hst1 in both cell-substrate and cell-cell 
adhesion is highly conceivable, because these 2 modes of adhesion are closely related 
via shared components and connected signaling pathways.
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InTRODuCTIOn
Histatins (Hsts) are histidine-rich peptides that are present in the saliva of higher primates 
(1). Hst1 and -3 are encoded by the genes HTN1 and HTN3, respectively (2). The other Hsts 
occurring in saliva (Hst2 and Hst4-12) are derived from the parent peptides by posttranslational 
proteolytic modification (3). Hsts are secreted in human saliva by the parotid and submandibular 
glands (4). They contain 7 residues of histidine (hence, the name histatin), and Hst1 is 
phosphorylated at serine residue 2 (5). Hst1, -3 and -5, the most abundant Hsts, occur in whole 
saliva in a proportion of approximately 3:1: 2.5 (6). Different salivary concentrations of Hsts 
have been published, depending, for example, on the age of the subject and whether parotid, 
submandibular, or whole saliva was examined (6-9). Hst5 is the most studied Hst. It protects 
the oral cavity in numerous ways, mainly because of its antimicrobial properties (5, 10-13). 
Furthermore, Hsts bind tannins, which are polyphenolic compounds from specific foods that 
can interfere with nutrient absorption (14, 15), and Hst1 and -2 have been reported to enhance 
wound healing (16, 17).

In this study, we explored the adhesion-enhancing properties of different Hsts on a variety of 
human cell types. Cell adhesion is important for basic cell functions, such as cell proliferation, 
differentiation, and DNA repair (18). Ultimately, (nonmalignant) adherent cells become 
apoptotic in suspension. Since cell spreading requires an intact cytoskeleton and functional 
signaling pathways, it is considered an excellent marker for single-cell viability (19). Using time-
lapse microscopy, we were able to monitor the spreading of individual cells.

A large body of literature shows that there is a functional relation between cell attachment 
to the extracellular matrix (ECM) or other, artificial, substrates and cell-cell adhesion (20-22). 
The term “adhesive crosstalk” is generally used to describe this relation. This concept prompted 
us to investigate the effect of Hsts on the epithelial layer, which is dependent on the tight 
attachment of cells via cell-cell junctions, such as adherens junctions, tight junctions and 
desmosomes (23). Maintaining homeostasis is particularly important in the mouth, which is 
a challenging environment for the epithelial tissue. Food, heat and cold, and acidic compounds 
all induce stress to the soft tissues in the oral cavity. In addition, the oral cavity is one of 
the parts of the human body that is most heavily colonized with bacteria (24). Furthermore, 
the mouth is the main entrance for 2 systems that are vital to human function and physiology –  
the gastrointestinal and respiratory systems – and the epithelial tissues in the mouth and 
intestines constitute an essential barrier against pathogens (25). To assess the effect of Hsts on 
cell-cell adhesion, we measured the transepithelial resistance (TER) of the human intestinal 
epithelial cell line Caco-2, an established model of the epithelial layer (26).

MATERIAlS AnD METHODS
Solid-phase peptide synthesis
The peptides listed in Table 1 were manufactured by solid-phase peptide synthesis by 
9-fluorenylmethoxycarbonyl (Fmoc)-chemistry with a Syro II synthesizer (Biotage, Uppsala, 
Sweden), essentially as published (27). Peptide synthesis-grade solvents were used directly as 
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obtained from Actu-All Chemicals (Oss, The Netherlands). The preloaded NovaSyn TGA resins 
were obtained from NovaBiochem (Merck Schuchardt, Hohenbrunn, Germany) and the N-α-
Fmoc-amino acids were obtained from Orpegen  Pharma (Heidelberg, Germany) and Iris Biotech 
(Marktredwitz, Germany). The fluorescence-labeled peptide was manufactured on resin by 
click chemistry, using Fmoc-L-azydolysine (Chiralix, Nijmegen, The Netherlands) at the Lys17 
position of non-phosphorylated Hst1 (Hst1P¯). The alkyne ATTO-647 (A647; ATTO-TEC, 
Siegen, Germany) was coupled by using the immobilization procedure, as described previously 
(28). The peptides were purified by preparative reverse phase (RP)-HPLC; Dionex Ultimate 
3000 (Thermo Scientific, Breda, The Netherlands) on a Grace Spring column (250 x 25 mm; 
Grace, Deerfield, IL, USA) containing 10 μm C18 TP beads (Vydac, Hesperia, CA, USA). Elution 
was performed with a linear gradient from 15 to 45% acetonitrile containing 0.1% TFA for 20 
minutes at a flow rate of 20 ml/min. The absorbance of the column effluent was monitored at 
214 nm, and peak fractions were pooled and lyophilized. Reanalysis by RP-HPLC on an analytic 
C18-column (218MS54; Vydac) developed with a similar gradient at a flow rate of 1 ml/min 
revealed a purity of at least 95%. The authenticity was confirmed by mass spectrometry with 
a Microflex LRF matrix-assisted laser desorption ionization time of flight mass spectrometer, 
equipped with an additional gridless reflectron (Bruker Daltonik GmbH, Bremen, Germany), 
as described elsewhere (27).

Cell culture
An ARPE-19 human retinal pigment epithelium cell line (CRL-2302; American Type Culture 
Collection [ATCC], Manassas, VA, USA), kindly provided by the Department of Ophthalmology 
(Academic Medical Center, Amsterdam, The Netherlands), was cultured in Medium 199+F12 
medium 1:1 (Invitrogen, Carlsbad, CA, USA) in 5% CO2. We used the ARPE-19 cell line because 
it has structural and functional properties similar to those of epithelial cells in vivo (29), such as 
undergoing apoptosis after a longer period in suspension. Primary gingival fibroblasts, isolated 
from human gingiva, and primary dermal keratinocytes, isolated from human skin, both kindly 
provided by Mireille Boink, MSc (VU University Medical Center, Amsterdam, The Netherlands), 

TABLE 1. Synthesized peptides

Peptide Amino acid sequence Conc.a

Hst1b

Hst2
Hst3
Hst5
Hst1P¯

Hst1P¯-A647
Hst1scr

Hst2scr

DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN*

RKFHEKHHSHREFPFYGDYGSNYLYDN
DSHAKRHHGYKRKFHEKHHSHRGYRSNYLDYN
DSHAKRHHGYRRKFHEKHHSHRGY
DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN
DSHEKRHHGYRRKFHEK (-ATTO647) HHSHREFPFYGDYGSNYLYDN
SDHSRHEEFKPRFHYHGGDYYRGRSKNFYHLEYKDHNH
FRYKGFDHYEGKSHNHYSLHYRDENFP

3.6–7
0.5–0.8
1.8–2.6
2.3–5.7
-
-
-
-

S, phosphoserine. a Concentrations (µM) in saliva in vivo (6-9). b Natural Hst1 is phosphorylated.
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were cultured in DMEM (Invitrogen) at 10% CO2. A Caco-2 human intestinal epithelial cell line 
(HTB-37; ATCC), kindly provided by the Department of Virology (Academic Medical Center, 
Amsterdam, The Netherlands), was cultured in DMEM without pyruvate (Invitrogen) at 10% 
CO2. A TR146 human oral epithelial cell line, kindly provided by Cancer Research UK (London, 
United Kingdom), was cultured in DMEM at 10% CO2. The human oral epithelial cell line 
HO-1-N-1, purchased from the Japanese Collection of Research Bioresources (Osaka, Japan), 
was cultured in DMEM-F12 medium (Invitrogen) at 10% CO2. The human cervical epithelial 
cell line SiHa (HTB-35; ATCC), kindly provided by Dr. Klaas Franken (Academic Medical 
Center, Amsterdam, The Netherlands), was cultured in DMEM at 10% CO2. All media were 
supplemented with 10% fetal calf serum (FCS; PAA, Pasching, Austria), 10 units/mL penicillin 
and 10 µg/mL streptomycin (Invitrogen). Cells were cultured at 37°C in a moist atmosphere. In 
all experiments cells from exponentially growing cultures were used.

Cell spreading assay
Cells were detached by using 0.05% trypsin-EDTA (Gibco Life Technologies, Bleiswijk, 
The Netherlands) suspended in medium containing 10% FCS, to inactivate the trypsin, and 
centrifuged at 200 g for 5 minutes. Next, the cells were counted with a hemacytometer and 
suspended in their prescribed medium without serum. The ARPE-19 cells were suspended in 
human endothelial serum-free medium (SFM; Gibco Life Technologies). Cell spreading was 
analyzed in 2 ways:

Single cells were plated on coverslips (diameter 15 mm; Menzel, Braunschweig, Germany) in 
25-well plates (Replica plates, Greiner Bio-One, Alphen a/d Rijn, The Netherlands) at a density 
of 105 cells/well in the presence or absence of peptides and examined at given time points with 
a model DM RA HC microscope (Leica Microsystems, Wetzlar, Germany), equipped with 
a CCD camera and a phase-contrast X100 objective.

Single cells were plated on glass-bottom dishes (Lab-Tek II chambered coverglass; Nunc, 
Roskilde, Denmark) at a density of 105 cells/well, in the presence or absence of peptides. 
The culture medium was layered with mineral oil (M3516; Sigma, St. Louis, MO, USA) to 
prevent evaporation of the medium. The cells were imaged every 10 or 15 minutes by phase-
contrast time-lapse microscopy, for 24 hours at 37°C in an atmosphere containing 5% or 
10% CO2 (depending on the culture medium) with an inverted DM IRBE microscope (Leica 
Microsystems), equipped with a Plan Apo X40 objective and a cooled CCD camera (type 
2000s; PCO AG, Kelheim, Germany). The images were analyzed with custom-made software 
(TimelapseAnalyse, Dr. Ron Hoebe, Academic Medical Center, University of Amsterdam, 
The Netherlands).

For quantification of images and the time-lapse movies, cells were scored as “round” or 
“spreading” (Fig. 1) and the percentage of spreading cells was calculated (19).

To check for a possible coating effect of Hst1, coverslips were incubated with 10 µM Hst1 
in SFM for 2 hours, after which the medium was removed, and single cells were plated and 
analyzed as described in the first analysis method.
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Heat shock and cell spreading
Heat shock (HS) was applied as a tool to detach cells from their substrate. The cells were seeded 
in prescribed medium supplemented with 10% FCS in the presence or absence of peptides in 
glass-bottom, 2-well plates (Lab-Tek II chambered coverglass; Nunc) and incubated for 3 hours. 
Phase-contrast images were acquired just before HS (t = 0) with the inverted fluorescence DM 
IRBE microscope (Leica Microsystems). HS was applied by placing the cell cultures in a water 
bath with a temperature of 48°C for 5 minutes, in an atmosphere containing 5 or 10% CO2 

(depending on the culture medium). The plates were returned to the microscope and image 
acquisition was resumed at every 10 minutes for 24 hours. For quantification of time-lapse 
movies, the individual cells that had spread at t = 0 were monitored over time. After HS, the cells 
displayed a series of morphologies (round, spreading, and spread) and the time that it took for 
these morphologies to appear was scored.

Real-time impedance-based cell-adhesion assay
Cell adhesion was monitored using the xCelligence system (Roche Applied Biosystems/ACEA 
Biosciences, San Diego, CA, USA). Before the cells were plated, a background measurement 
was performed with 50 µl SFM/well in 16-well E-plates (Roche). ARPE-19 cells were plated at 
a density of 15 X 103 cells/well in SFM containing buffer (control) or peptides. Impedance was 
measured every 10 minutes for 48 hours. Cell attachment is expressed as the cell index (CI), 
which is the change in electrical impedance at each time point.

Cell-proliferation assay
Single cells were plated on glass-bottom plates in prescribed medium supplemented with 10% 
FCS. Hst1 or an equal volume of buffer was added 18 hours after seeding, when most cells had 

Figure 1. ARPE-19 cells on coverslips visualized by phase-contrast microscopy. A) Round cell. B and C) 
Spreading cells. Scale bar = 10 µm.
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divided once. The cells were monitored during several cell cycles by time-lapse phase-contrast 
microscopy. The pedigrees of individual cells were composed, and the duration of the cell cycle 
was measured as the time between 2 cell divisions.

TER measurement
Caco-2 cells were seeded into the prescribed serum-containing medium on cell culture inserts 
(Transwell filters, 0.4 µm porosity; Costar; Corning, Tewksbury, MA, USA) in 12-well plates 
in the presence or absence of 10 µM Hst1 or -5 at a concentration of 105 cells/insert. The cell 
cultures were maintained for 20 days, and medium (containing the peptides) was refreshed 
every other day. The upper (luminal) compartment contained the respective Hsts and the lower 
(basal) compartment, the medium only. Impedance was measured with an epithelial Volt-Ohm 
meter (Millicell; Millipore, Molsheim, France), and the TER (Ohms per square centimeter) (26) 
is expressed as the measured TER/the average TER of untreated cultures of each experiment.

Statistical analysis
Data obtained from ≥3 independent experiments are expressed as the mean ± sem, calculated and 
plotted with GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Statistical significance 
was determined by Student’s t test or ANOVA. Significance was set at P < 0.05.

RESulTS
Hst1 improves cell spreading in epithelial cells and fibroblasts
The effect of Hst1 on the spreading of trypsinized cells on glass was examined. Cells were 
scored as round or spreading (Fig. 1) and the percentage of spreading cells was calculated 
(19). We observed a significant effect of Hst1 on the spreading of ARPE-19 cells. Compared 
with the untreated cells, the cells treated with Hst1 spread more than twice as fast (Fig. 2A-D 
and Supplemental Movie S1). Comparable results were obtained with primary human gingival 
fibroblasts (Fig. 2E, F) and the following cell lines: SiHa (cervix epithelium), TR146 and 
HO-1-N-1 (oral epithelium), HaCaT (skin keratinocytes), and dermal fibroblasts and dermal 
keratinocytes (data not shown).

To determine the optimal concentration of Hst1, ARPE-19 cells were incubated in medium 
containing 0.1-50 µM Hst1. The percentage of spreading cells increased as a function of the Hst1 
concentration, with an EC50 of 1 µM Hst1 (Fig. 2C). The maximum effect on cell spreading was 
reached at 10 µM, an Hst1 concentration close to that found in saliva (Table 1), which was used 
in further experiments. Hst5, present in saliva in a concentration similar to that of Hst1, had no 
effect on ARPE-19 cell spreading (Fig. 2D), neither did Hst2 (cell spreading relative to untreated 
cells, 0.91 ± 0.22 [average ± SD]) or Hst3 (vs. untreated cells, 0.90 ± 0.27). Scrambled Hsts 
(Hstscr) did not show any stimulating effect on cell spreading (vs. untreated cells, 0.96 ± 0.21). 

Also in gingival fibroblasts, we observed a concentration-dependent increase in cell 
spreading induced by Hst1 (Fig. 2E). Hst1 enhanced gingival fibroblast cell spreading within 1 
hour of incubation, whereas Hst2 had no effect on fibroblast spreading (Fig. 2F). The gingival 
fibroblasts spread faster than the ARPE-19 cells. 
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Figure 2. Adherent cells spread faster in the presence of Hst1. A and B) Example of time-lapse microscopy 
images of (A) untreated and (B) 10 µM Hst1-treated ARPE-19 cells, 0, 4, 6 and 8 hours after seeding in SFM. 
Scale bars, 10 µm. Images were acquired every 10 minutes. Time-lapse movies are available as Supplemental 
Movie S1. C) The maximum effect on ARPE-19 cell spreading was reached at a concentration of 10 µM 
Hst1. D) ARPE-19 cell spreading was enhanced by 10 µM Hst1 within 2 hours, but it was not enhanced 
by 10 µM Hst5. E) Primary human gingival fibroblasts also displayed an Hst1-concentration-dependent 
enhancement of cell spreading. F) The spreading of gingival fibroblasts was enhanced by 10 µM Hst1 within 
1 hour, but it was not enhanced by 10 µM Hst2. Data are presented as the means ± sem and were analyzed 
with Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated cells.
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To determine the induction time needed for Hst1 to exert its effect on cell spreading, 
ARPE-19 cells were seeded on coverslips in SFM containing 10 µM Hst1 (control contained 
no peptides) and incubated for 15, 30 or 60 minutes. Subsequently, the cells were washed and 
incubation continued in SFM without Hst. Cell spreading was scored 2 hours after the seeding 
and is shown relative to the spreading of cells that were sham treated for the same period. 
A 15-minute incubation period did not enhance cell spreading significantly, whereas cells 
incubated with Hst1 for 30 minutes or longer spread more than 2 times better than untreated 
cells (Fig. 3).

Hst1 promotes cell spreading in a specific manner
Hst1 is the main salivary Hst and contains a phosphorylated serine residue. To investigate 
whether this phosphate group is supportive for the cell spreading-effect, we synthesized 
a nonphosphorylated variant of Hst1 (Hst1P¯), and its effect on ARPE-19 cell spreading was 
tested. The nonphosphorylated variant enhanced cell spreading to a lesser extent than Hst1 with 
a phosphate group (Fig. 4). The question arises as to whether Hst1-promoted cell spreading 
on glass is the result of a cellular response, or Hst1 functions as an intermediate between 
substrate and cell. To investigate, we monitored the spreading of ARPE-19 cells on coverslips 
pretreated with Hst1 for 2 hours and found that pretreatment did not promote cell spreading 
(vs. untreated cells, 0.91 ± 0.10). Furthermore, we incubated ARPE-19 cells with Hst1P¯ labeled 
with a fluorescent dye (Hst1P¯-A647) to visualize its localization. Hst1P¯-A647 was detected 
intracellularly after a 30-minute incubation, and its fluorescence intensity increased in the next 
24 hours (Fig. 5). Hst1P¯-A647 was detected in the cell, not on the cell membrane, suggesting 
that it does not function as an intermediate (coating) between substrate and cell, but rather 

Figure 3. The minimum incubation time for Hst1 to enhance cell spreading is 30 minutes. ARPE-19 cells 
were seeded on coverslips in SFM containing 10 µM Hst1 or just SFM for 15, 30 and 60 minutes, after which 
the cells were washed and cell spreading continued in SFM without peptides. Cell spreading was scored 2 
hours after seeding and is shown relative to spreading of cells sham treated for the same period. Data are 
presented as the means ± sem and were analyzed with Student’s t test. *P < 0.05 vs. untreated cells.
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induces a cellular response. Furthermore, since the other Hsts (2, 3, 5) or Hstsscr do not enhance 
cell spreading, and this effect is therefore specific for Hst1.

Hst1 promotes cell spreading after HS
HS has many effects on a cell, including detachment of adherent cells from their substrate 
(30). We used HS as a tool to analyze the effect of Hst1 on cell attachment and spreading in 

Figure 4. Phosphorylated Hst1 has a stronger effect on cell spreading than does nonphosphorylated Hst1. 
ARPE-19 cells were seeded in SFM and imaged by time-lapse microscopy. Afterward, the spreading of 
60 cells per treatment was scored over time. Data are presented as the means ± sem and were analyzed 
by 2-way ANOVA: P < 0.0001, Hst1 vs. Hst1P¯; P < 0.0001, Hst1 vs. untreated cells; P < 0.003, Hst1P¯ vs. 
untreated cells.

Figure 5. Hst1 is taken up by ARPE-19 cells. ARPE-19 cells were incubated with 10 µM Hst1P¯ labeled 
with ATTO-647 (A647) for 24 hours. Images were acquired with a DM IRBA fluorescence microscope 
(Leica Microsystems), equipped with a Cy5 filter cube. Hst1P¯-A647 was detectable inside the cells within 
30 minutes.
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the presence of serum. ARPE-19 cells and gingival fibroblasts were suspended in medium 
supplemented with serum and 10 µM Hst1 or -5 and monitored by time-lapse microscopy, 
which enabled us to study the same cell before and after treatment. Three hours after seeding, 
the cells received a 5-minute HS, and image acquisition was resumed and continued for 24 
hours. After HS, the cells became round and detached from the substrate. The time it took for 
the cells to spread after receiving HS was significantly shorter in both ARPE-19 cells (Fig. 6A) 
and gingival fibroblasts treated with Hst1 (Fig. 6B and Supplemental Movie S2). Thus, even in 
the presence of serum, which contains cell-spread-inducing factors (31), the effect of Hst1 on 
cell spreading was detectable.

Hst1 promotes cellular adhesion strength
An impedance-based cell-adhesion assay was performed to investigate whether Hst1-treated 
cells are more firmly attached to their substrate. We used the xCelligence system to monitor 
the attachment and spreading of ARPE-19 cells on electrodes in real time, by recording 
the change in impedance as the CI. Treatment with Hst1 caused a significant increase in CI 
in the first 3 hours after seeding, with a maximum difference of 30% compared with that of 
untreated cells (Fig. 7A). This observation confirms results from the cell-spreading assay; cells 
attached and spread faster in the presence of Hst1. Treatment with Hst2scr, used as a negative 
control, resulted in values similar to those of untreated cells. Untreated cells reached the same 
CI as Hst1-treated cells 3 hours after seeding, but at later time points, the CI of Hst1-treated 
cells was again 30% higher than that of untreated cells and of cells treated with a control 
peptide (Fig. 7B). The CI reflects cell number, size, morphology and adhesion strength. At 
the later time points, there was no difference in cell size and morphology between Hst1-treated 

Figure 6. Even in the presence of serum, Hst1-treated cells spread faster than untreated (–) cells. After HS 
(5 minutes, 48°C), the cells become spherical. The time it took for a certain cell morphology (spreading, 
spread) to appear after HS (y-axis) was scored for individual cells. Hst1-treatment enhanced cell spreading 
after HS, shown by the shorter recovery time. A) ARPE-19 cells. B) Primary human gingival fibroblasts. 
Sixty cells per treatment were scored over time. Time-lapse movies are available in Supplemental Movie S2. 
Data are presented as the means ± sem and were analyzed with Student’s t test. *P < 0.05, **P < 0.01, ***P 
< 0.001 vs. untreated cells.
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cultures and untreated cultures (Fig. 7C). Therefore, these data indicate that Hst1 increased cell  
adhesion strength.

Figure 7. Hst1 increases cell adhesion strength. ARPE-19 cells were seeded in SFM on E-plates at a density 
of 15 X 103 cells/well, and impedance (expressed as the [CI]) was monitored every 10 minutes for 48 hours 
using the xCelligence system. During (A) the first 3 hours after seeding and (B) at later time points Hst1-
treated cultures had up to 30% higher CIs than those of the controls. C) ARPE-19 cells cultured for 24 hours 
in SFM treated with buffer (–) or Hst1 showed no difference in number and morphology. The higher CI in 
the first 3 hours reflects a faster rate of cell attachment, whereas the higher CI at later time points indicates 
that attachment strength is increased. Data are presented as the means ± sem and were analyzed by 2-way 
ANOVA: P < 0.0001, Hst1 vs. untreated cells; P < 0.0001, Hst1 vs. Hst2scr.
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Hst1 does not influence cell proliferation
Cell adhesion and cell proliferation are related (32). Therefore, we used time-lapse microscopy 
to analyze the effect of Hst1 on cell cycle duration. There was no difference in the duration of 
the cell cycle between the untreated and Hst1-treated ARPE-19 cells (Fig. 8). As the layer of 
cells became more confluent, the cell cycle times were prolonged due to contact inhibition and 
exhaustion of the culture medium.

Hst1 improves cell-cell adhesion
The link between cell-substrate and cell-cell adhesion is strong (20-22). Intercellular adhesion is 
especially important for epithelial cells because it enables them to form an epithelial barrier. An 
established model for the study of the epithelial layer is the human colon adenocarcinoma cell 
line Caco-2. These cells, when grown on semipermeable filters, form cell-cell junctions, polarize, 
and differentiate into a morphology resembling the epithelium of the small intestines (33). 
We used this model to study the effect of Hst1 on cell-cell adhesion. Caco-2 cells were seeded 
on polycarbonate Transwell filters (Corning), which facilitate the flow of ions, in prescribed 
medium containing serum with buffer, Hst1 or -5 throughout the experiment. The TER over 
the layer of Caco-2 cells growing on the filters was measured for 20 days. After an incubation of 
5 days, the TER of the cell cultures treated with Hst1 became higher than that of the untreated 
cultures. During the second week, the average TER of Hst1-treated cells was approximately 
15% higher than that of the untreated control cells, and it remained higher during the course 
of the experiment (Fig. 9). Compared with the negative control peptides (Hst5 and Hst2scr), 
the effect of Hst1 on TER was even higher – on average, more than 20% higher after a 1-week 
incubation period.

Figure 8. Hst1 had no effect on cell proliferation. ARPE-19 cells were cultured in the prescribed medium 
with serum and monitored by time-lapse microscopy. Hst1 was added to a final concentration of 10 µM 
18 hours after seeding, when most cells had divided once. Cell cycle time was scored as the time between 
2 cell divisions. Data are presented as the means ± sem and were analyzed with Student’s t test. P = 0.98.
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DISCuSSIOn
Hst1 is the most abundant Hst in saliva. In this study, Hst1 caused a marked (>2-fold) increase 
in the spread of cells under conditions that impair cell spreading – namely, a glass surface and 
SFM. This effect was observed in all the cell lines studied, oral and nonoral. Cell-substrate 
adhesion is especially important in the mouth, where teeth are in direct contact with the gingival 
tissue. There, the junctional epithelium (JE) connects the gingival tissue to the tooth enamel 
and forms an epithelial seal to protect against microbial and physical stresses. The JE is a very 
active tissue, undergoing continuous renewal (34). Rapid cell-substrate adhesion is needed to 
maintain a constant barrier against pathogens, and Hst1 could very well play a role in this 
dynamic process.

Phosphorylated Hst1 promoted cell spreading twice as efficiently as Hst1 without 
a phosphate group. Apparently, the phosphate group in Hst1 is not essential for its function 
in cell spreading but does increase its effect. Pretreatment of the glass surface with Hst1 did 
not enhance cell spreading, and fluorescently labeled Hst was localized inside the cell, not at 
the cell membrane, suggesting that Hst1 does not enhance cell adhesion by forming an adhesive 
layer on the cell membrane of substrate, but more likely induces a cellular response. Other Hsts 
or scrambled ones do not exert this effect, indicating that a specific amino acid sequence is 
crucial for the activity of Hst1. Together, our results indicate an interaction of Hst1 with the cell, 
resulting in the uptake of Hst1 and a cellular response in the form of enhanced cell spreading.

The previous results were obtained with cells in SFM. Cells spread faster in the presence of 
serum (31); therefore serum could mask the effect of Hst. We used HS to round off cells, after 
which they started spreading again. Even in the presence of serum, this technique induced Hst1-
treated cells to spread faster than untreated cells, showing the robustness of the effect of Hst1. 

Figure 9. Hst1 improves cell-cell adhesion. Caco-2 cells were cultured on Transwell filters (Corning) for 20 
days. TER was monitored as a measure for the amount of intercellular adhesion. TER is displayed relative to 
that of untreated cultures (–). Data are presented as the means ± sem and were analyzed by 2-way ANOVA: 
P < 0.0001, Hst1 vs. untreated cells; P < 0.0001, Hst1 vs. Hst5.



29

2

H
ISTA

TIN
 1 PR

O
M

O
TE

S C
E

LL A
D

H
E

SIO
N

Using the xCelligence system, we found that Hst1-treated cells not only spread faster but 
were also more firmly attached to their substrate.

Finally, Hst1 promoted not only cell-substrate adhesion, but also cell-cell adhesion. 
Epithelial cells form cell-cell junctions (adherens junctions, tight junctions and desmosomes), 
thereby creating an epithelial barrier. We found that Hst1 increased the TER in Caco-2 cells, 
an established model for the intestinal epithelium (33). After an incubation period of 5 days, 
the TER of the Hst1-treated cells became higher than that of the untreated cells. After 1 week, 
the TER of Hst1-treated cells was 15% higher on average than that of the untreated cells and 
20% higher than that induced by the negative peptide control, and it stayed higher than control 
cell TER throughout the experiment.

The mouth is an area confronted with different forms of stress, including mechanical, thermal, 
and pH-induced, and is challenged by micro-organisms. Besides that, the oral epithelium is 
a very dynamic tissue with a high turnover rate (35), so at any given time point, a large number 
of mitotic (round) cells are present and rapid cell spreading and adhesion are important in 
maintaining tissue architecture. A function for Hst1 in both cell-substrate and cell-cell adhesion 
is highly feasible, because these 2 modes of adhesion are closely related. Shared molecules are 
involved, such as β1 integrins, which play a role in cell-cell as well as cell-substratum adhesion 
(36, 37). The 2 modes of adhesion are also connected by intracellular signaling pathways – 
for example via extensive cross-talk in adhesion signaling between integrins and E-cadherin 
(22, 38, 39). Taken together, our results demonstrate that Hst1, a peptide constantly present in 
the mouth, contributes to the quality of the epithelial layer.
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