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Histatins, a family of salivary proteins, have antimicrobial
activity. Candida albicans, which is killed by histatins, induces
oral candidiasis in individuals with compromised immune sys-
tems. Although the functional significance of histatins has been
documented, their biological and physiological functions
against host cells have not been clarified. In this study, we found
that histatin 3, a member of the histatin family, binds to heat
shock cognate protein 70 (HSC70). These proteins were co-lo-
calized in the cytoplasm and nucleus in human gingival fibro-
blasts following non-heat and heat shock. Histatin 3 induced
stimulation of DNA synthesis and cell survival in human gingi-
val fibroblasts in a dose-dependentmanner. ThisDNAsynthesis
was found to be dependent on HSC70 by knockdown experi-
ments. The effect of heat shock on DNA synthesis induced by
histatin 3was�2-foldhigher than that of non-heat shock.When
the histatin 3 uptake into cells was inhibited by monodansylca-
daverine or when histatin 3 binding to HSC70 was precluded by
15-deoxyspergualin, DNA synthesis by histatin 3 was �2-fold
less than that without monodansylcadaverine or 15-deoxysper-
gualin. Although HSC70 directly bound to p27Kip1 (a cyclin-de-
pendent kinase inhibitor), histatin 3 increased the binding
between those proteins but not with a peptide capable of bind-
ing to HSC70. Moreover histatin 3 prevented ATP-dependent
dissociation of HSC70-p27Kip1. ATPwas unable to form a hista-
tin 3-HSC70(D10N)-p27Kip1 complex (HSC70(D10N) is a
mutant attenuating ATPase activity). These findings suggest
that histatin 3 may be involved in cell proliferation through the
regulation of HSC70 and p27Kip1 in oral cells.

Oral non-immune defense is associated with saliva. Some
salivary proteins, such as histatins, have antibacterial and anti-
fungal activities and protect oral tissues from pathogenic
microorganisms (1). The histatin family of proteins, consisting
of 12 members that are histidine-rich and consist of cationic
3–4-kDa proteins found in the saliva secreted by the salivary
glands of humans and higher primates, are localized in human
oral tissues (2–7). Histatins in saliva are also present in healthy
adults at concentrations of 50–425�g/ml (8). Histatins 1 and 3
are full-length proteins of 38 and 32 amino acids in length,
respectively. Histatin 5 comprises 24 amino acids and is either a

proteolytic product of histatin 3 or a protein translated from a
post-transcriptionally modified histatin 3 mRNA (3). Other
members of the histatin family are also generated by proteolytic
degradation during secretion and have been characterized (9,
10).Histatins 3 and 5 exhibit antimicrobial activity againstCan-
dida albicans at physiological concentrations of 15–50 �M (2,
11–13). In addition, histatin 5 has been shown to inhibit a tryp-
sin-like protease and the cysteine protease clostripain, which
are produced by Bacteroides gingivalis (an oral bacterium sus-
pected of being the pathogen of periodontal disease) and Clos-
tridium histolyticum, respectively (14, 15).
A wide variety of stresses, including environmental, patho-

logical, and physiological stimuli, induce the synthesis of heat
shock proteins (HSPs)2 in prokaryotic and eukaryotic cells (16).
However, low level expression of HSPs is observed under nor-
mal physiological conditions (17). HSPs play roles as chaper-
ones in the correct folding of proteins and assembly of their
subunits and in transporting certain proteins across the mem-
brane into organelles (18). HSC70 has been identified as a con-
stitutively expressed HSP in cells (19). The structure of HSC70
contains domains corresponding to anATPase, substrate-bind-
ing domain, and a lid (trapping anduntrapping substrates) from
the N to C termini (20). A nuclear localization signal and a
nuclear localization-related signal for HSC70 have been identi-
fied in amino acid regions 246–262 and 473–492, respectively
(21, 22). An aspartate residue at amino acid 10 of HSC70 is
essential for ATPase activity (23).
Cyclins and cyclin-dependent kinases (CDKs) regulate the pro-

gressionof the cell cycle in eukaryotic cells (24). p27Kip1 is a cyclin-
dependent kinase inhibitor and negatively regulates cell cycle pro-
gression. Phosphorylation and ubiquitination of p27Kip1 result in
its degradation by the proteasome system, thereby inducing cell
cycle progression fromG1 to S phases (25–27). Therefore, p27Kip1
plays a pivotal role in the control of the cell cycle.
The functions of histatins in oral cells, such as constitutive

periodontal cell HGFs, have not been clarified. In this study, we
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identified a strong association of histatin 3 with HSC70 and
observed that this association progressed from the G1 to S
phases and thereby induced DNA synthesis in HGFs. These
findings provide insight into another physiological function of
salivary proteins in oral cells.

EXPERIMENTAL PROCEDURES

Cell Culture—COS-7, HEK293, and HGF cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Al-
drich) with 10% fetal bovine serum (FBS), 100 units/ml penicil-
linG, and 100�g/ml streptomycin at 37 °C in a 5%CO2 and95%
air humidified incubator. HGFs used in this study were
obtained from volunteers after appropriate informed consent
was obtained. The Ethics Committee of Matsumoto Dental
University approved the study protocol. HGFs isolated from
adhering gingival tissue on extracted teeth were cultured on
collagen-coated plates in medium.
Plasmid Constructions—pHybLex/Zeo-cBASH(1–62) and

p2D11-6plasmidshavebeendescribedby Imamura etal. (28).All
PCR experiments described below were carried out using 1.75
unitsofExpandHighFidelitypolymerase (RocheAppliedScience)
and the following templates (1 ng each) and primers (100 pmol
each). For pHybLex/Zeo-hHistatin 3, template primer 5�-GCA-
AAGAGACATCATGGGTATAAAAGAAAATTCCATGAAA-
AGCATCATTCACATCGAGGCTATAGATCAAATTATCT-
GTA-3� andprimershHis3-1 (5�-GGGAATTCGGATCCGATT-
CACATGCAAAGAGACATCATGGG-3� and 5�-GGGCG-
GCCGCTCAATTGTCATACAGATAATTTGATCT-3�) were
used. The amplified human histatin 3 DNAwas cloned into pCR-
BluntII-TOPO(Invitrogen; namedpCR-BluntII-hHistatin 3). The
EcoRI-EcoRI fragment from pCR-BluntII-hHistatin 3 was then
cloned into pHybLex/Zeo (Invitrogen). For pYESTrp-hHSP70,
template pEF-hHSP70 and primers hHSP70-1 (5�-GGAAGC-
TTGAATTCATGGCCAAAGCCGCGGCGATCGGC-3�) and
hHSP70-A (5�-GGGCGGCCGCCTAATCTACCTCCTCAA-
TGGTGGG-3�) were used. The HindIII-NotI fragment from
the amplified human HSP70 DNA was inserted into the same
sites of pYESTrp (Invitrogen). For pYESTrp-hHSC70, template
pTARGET-HSC73 and primers hHSC70-1 (5�-GGGGAT-
CCGAATTCATGTCCAAGGGACCTGCAGTTGG-3�) and
hHSC70-A (5�-GGGCGGCCGCTTAATCAACCTCTTCAA-
TGGTGGG-3�) were used. The BamHI-HincII fragment from
the amplified human HSC70 DNA and a HincII-NotI fragment
from pTARGET-HSC73 were inserted into the BamHI and
NotI sites of pYESTrp. For pGST-hHistatin 3, the EcoRI-EcoRI
fragment from pHybLex/Zeo-hHistatin 3 was cloned into
pGEX-5X-1 (GE Healthcare). For pGST-hHistatins 4 and 5,
template pHybLex/Zeo-hHistatin 3 and primers 5�-GGGTCG-
ACTCAATTGTCATACAGATAATTTGA-3� and 5�-GGAA-
TTCAGAAAATTCCATGAAAAG-3� for histatin 4 and prim-
ers hHis3-1 and 5�-GGTCGACTCAATAGCCTCGATGTGA-
ATG-3� for histatin 5 were used. EcoRI-SalI fragments from
amplified histatin 4 or 5 DNAwere inserted into the same sites
of pGEX-5X-1. For pCAT7-hHSC70, the EcoRI-XhoI fragment
from pYESTrp-hHSC70 was inserted into the same sites of
pCAT7-neo (28). For pCAT7-hHSC70(D10N), the KpnI-SmaI
fragment from pDsRed2-hHSC70(D10N) was inserted into the
same sites of pCAT7-neo. For pCAT7-hHSC70(�1–384), tem-

plate pDsRed2-hHSC70 and primers hHSP70-2 (5�-GGC-
TCGAGCTTCTGAGAATGTTCAAGATTTGCTGC-3�) and
hHSP70-B (5�-CAAGTGAATTCTTGGATGACACCTTGT-
CCC-3�) were used. The XhoI-EcoRI fragment from the ampli-
fied HSC70 DNA and an EcoRI-KpnI fragment from pCAT7-
hHSC70 were inserted into the XhoI and KpnI sites of pCAT7-
neo. For pCAT7-hHSC70(�385–543), two cycles of PCR were
carried out. For one reaction of the first cycle, template
pDsRed2-hHSC70 and primers hHSC70-3 (5�-CATCTTG-
TCTGGAGACAAGTCCTATGCCTTCAACATG-3�) and
hHSC70-A were used. For another reaction, template pDsRed2-
hHSC70 and primers hHSC70-C (5�-CATGTTGAAGGCAT-
AGGACTTGTCTCCAGACAAGATG-3�) and hHSC70-4 (5�-
GTATTGAGATCGATTCTCTCTATG-3�) were used. In the
second cycle, for the template, the two fragments of the first
cycle were annealed through their 3�-end homologies, and
primers hHSC70-4 and hHSC70-A were used. The HindIII-
KpnI fragment from the amplified HSC70 DNA and an EcoRI-
HindIII fragment from pCAT7-hHSC70 were inserted into
the EcoRI and KpnI sites of pCAT7-neo. For pCAT7-
hHSC70(�542–646), an EcoRI-EcoRI fragment from pCAT7-
hHSC70 was cloned into pCAT7-neo. For pECFP-hHistatin 3,
an EcoRI-SalI fragment from pCR-BluntII-hHistatin 3 was
inserted into the same sites of pECFP-C1 (Clontech). For
pDsRed2-hHSC70, a NotI-KpnI fragment from pCAT7-
hHSC70was inserted into the same sites of pCR-Blunt (Invitro-
gen; named pCR-Blunt-hHSC70(N-K)). The XhoI-KpnI frag-
ment from pCR-Blunt-hHSC70(N-K) was inserted into the
same sites of pDsRed2-C1 (Clontech). For pDsRed2-
hHSC70(D10N), a BamHI-NotI fragment from pGST6P-
HSC70(D10N) was inserted into the same sites of pCR-Blunt
(named pCR-Blunt-hHSC70(D10N)(B-N)). The KpnI-ApaI
fragment from pCR-Blunt-hHSC70(D10N)(B-N) was inserted
into the same sites of pDsRed2-C1. For pSINsi-HSC70 and
pSINsi-HSC70-scr, the target sequence of HSC70 for small
interfering RNA (siRNA) has been described by Kose et al. (29),
and its scrambled (control) sequence was 5�-GACTAGTCAC-
ATATGTATGCTGTTA-3�. Oligonucleotides for the con-
struction of plasmids were designed, and plasmid construction
was performed as described according to instructions in the
pSINsi-hU6 DNA user manual (Takara).
Yeast Two-hybrid System—The procedure was performed

as described in the user manual of Hybrid Hunter (Invitro-
gen) (28). Plasmids for bait and prey were transformed into
yeast strain L40. A �-galactosidase assay was performed
thereafter.
Transfection and Infection—For immunoprecipitation,

expression vectors of pECFP-hHistatin 3 and pCAT7-hHSC70
or pCAT7-hHSC70(D10N) (5 �g each) were mixed with
TransIT-LT1 reagents (Mirus) before being co-transfected into
4� 106COS-7 cells and harvested 48 h later. ForGSTpulldown
assays, 5 �g of each expression vector, pCAT7-hHSC70,
pCAT7-hHSC70(D10N), pCAT7-hHSC70(�1–384), pCAT7-
hHSC70(�385–543), or pCAT7-hHSC70(�542–646), were
transfected into COS-7 or HEK293 cells. For confocal laser
microscopy, 1 �g of each expression vector, pECFP-hHistatin
3, pDsRed2-hHSC70, and/or pDsRed2-hHSC70(D10N), was
transfected into 2 � 105 HGFs. Preparations and infections of
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retroviruses (6� 104 colony-forming units/ml) for siRNAwere
performed as described in the material accompanying the ret-
rovirus constructive system Ampho (Takara).
Synthetic Peptides—Human histatins 3, 4, and 5; fluorescein

isothiocyanate (FITC)-histatin 3 (Scrum Inc.); and P3a peptide
(Biosynthesis Inc.) were chemically synthesized and purified by
high performance liquid chromatography. The purity of the
synthetic peptides was �85%. (Pro-Pro-Gly)10�9H2O (Peptide
Institute Inc.) was used as a control.
Antibodies—Antiserumagainst humanhistatin 3 proteinwas

produced by immunizing a rabbit with a synthetic peptide cor-
responding to thewhole histatin 3 conjugated to keyhole limpet
hemocyanin. The serum was purified using an affinity column
carrying protein A (Invitrogen). The following antibodies were
purchased: mouse monoclonal anti-T7-tag (Novagen), goat
anti-GST (GE Healthcare), rabbit anti-GFP serum, Alexa Fluor
594 goat anti-mouse IgG (Molecular Probes), mouse mono-
clonal anti-humanHSC70 (B-6),mousemonoclonal anti-cyclin
D1 (DCS-6),mousemonoclonal anti-cyclin E (E-4), rabbit poly-
clonal anti-CDK2 (M2), rabbit polyclonal anti-p27Kip1 (C-19;
for immunoprecipitation), mouse monoclonal anti-p27Kip1
(F-8; for Western blotting) (Santa Cruz Biotechnology), and
mouse monoclonal anti-�-actin (Abcam).
Immunoprecipitation, GST Pulldown Assay, and Western

Blotting—Immunoprecipitation, GST pulldown, and Western
blotting analyses were performed as described previously (28,
30). For immunoprecipitation under physiological conditions,
HGFs were cultured with 25 �M histatin 3 for 24 h and then
heat-shocked at 42 °C for 5 h. Proteins extracted from HGFs
were immunoprecipitated with anti-HSC70 antibody. Precipi-
tates were analyzed by Western blotting. For immunoprecipi-
tation of HSC70/p27Kip1, HGFs were cultured in DMEM con-
taining 0.1% FBS over 24 h and stimulated with 10% FBS, 30�M
P3a, and histatin 3 in the presence or absence of 10 �g/ml
15-deoxyspergualin (15-DSG) (Spanidin� injection, Nippon
Kayaku) for 24 h. Then proteins extracted from HGFs were
immunoprecipitated with anti-p27Kip1 antibody, and precipi-
tates were analyzed by Western blotting. For immunoprecipi-
tation of ATP-dependent dissociation, the procedure was per-
formed as described by Nakamura et al. (31). HGFs were
cultured in DMEM containing 0.1% FBS over 24 h. Proteins
extracted from HGFs were immunoprecipitated with anti-
p27Kip1 antibody. Precipitates were incubated with 200 �M P3a
andhistatin 3 on ice for 15min, and 1mMATP (GEHealthcare),
ADP (Oriental Yeast), and ATP�S (Roche Applied Science)
were added before Western blotting was conducted. For GST
pulldown assays, GST and GST-histatin 3, 4, and 5 proteins
were expressed in Escherichia coliBL21(DE3) (Invitrogen). The
proteins that had been immobilized to glutathione-Sepharose
4B (GE Healthcare) were mixed with cell lysates from trans-
fected cells. After washing thoroughly, precipitates were ana-
lyzed by Western blotting. For GST pulldown assays of ATP-
dependent dissociation, proteins extracted from transfected
cells were mixed with the immobilized GST-histatin 3 protein.
Precipitates were incubated with 1 mM ATP, ADP, and ATP�S
on ice for 30 min after whichWestern blotting was performed.
For Western blotting of cyclin D1, cyclin E, and CDK2, HGFs
were cultured in DMEM containing 0.1% FBS over 24 h and

stimulated with 10% FBS, 3 and 30 �M bovine serum albumin
(BSA; Nacalai Tesque), and peptides for 8 h. Cell lysates were
then prepared, and Western blotting was carried out. For
siRNA experiments, HGFs were infected with retroviruses for
siRNAs targeting HSC70 and its control. Cells were cultured in
DMEMcontaining 10% FBS for 24 h and subsequently cultured
inDMEMcontaining 0.1% FBS over 24 h. Cell lysates were then
prepared, and Western blotting was carried out.
DNA Synthesis and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium Bromide (MTT) Assays—HGFs (1 � 104) were
cultured in DMEM containing 0.1% FBS over 24 h. For treat-
ment with histatin 3, cells were cultured with histatin 3 and BSA
at 0.3, 3, and 30�M for the specified time periods (see Fig. 4,A and
B). For treatment with various histatins, HGFswere culturedwith
0.3 �M BSA and histatins 3, 4, and 5 for 24 h. For siRNA experi-
ments, HGFs were cultured and infected with retroviruses for
siRNAasdescribedabove.Cellswere culturedwith0.3�Mhistatin
3 for 8 h. For heat shock treatment, HGFs were cultured with 0.3
�M BSA and peptides at 37 °C for 3 h. Next cells were cultured at
42 °C for 2h and then at 37 °C for 24h. Formonodansylcadaverine
(MDC) or 15-DSG treatment, HGFs were cultured with 0.3 �M
BSA and peptides in the presence or absence of 20�MMDCor 10
�g/ml 15-DSG for 24 h. The level of DNA synthesis in cells was
determined by measuring BrdUrd incorporation using the Fron-
tier BrdU Cell Proliferation Assay kit (Exalpha Biologicals). For
MTT assays, HGFs were cultured with 10 �l of 5 mg/ml MTT
(Sigma-Aldrich) for 2–4h.Then100�l of 0.04NHCl, isopropanol
was added to themediumandcompletely dissolved. Sampleswere
measured byMicroplate Readermodel 550 (Bio-Rad) using a dual
wavelength of 450/595 nm (test/reference) for DNA synthesis
analyses and 595/655 nm for MTT assays. Figs. 4–7 show repre-
sentative examples of three identical experiments with essentially
identical results.
Confocal Laser Microscopy—An LSM510 microscope (Carl

Zeiss) was used for confocal laser microscopy. The excitation
and emission wavelengths of ECFP, DsRed2, FITC, Alexa Fluor
594, and 4�,6-diamidino-2-phenylindol dihydrochloride were
458 and 463–495 nm, 563 and 570–602 nm, 488 and 516 nm,
543 and 570–720 nm, and 358 and 461 nm, respectively. For
heat shock analysis, HGFswere culturedwith 1�MFITC-hista-
tin 3 for 12 h and then heat-shocked at 42 °C for 5 h. Cells were
fixed with 4% paraformaldehyde at room temperature for 30
min and permeabilized with 0.5% Triton X-100 at 25 °C for 10
min. After blocking with 1% skim milk in Tris-buffered saline
containing 0.1% Tween 20 (0.1% TBS-T) at 25 °C for 30 min,
cells were incubated with anti-HSC70 antibody at 4 °C over-
night. Then cells were washed with 0.1% TBS-T and incubated
with Alexa Fluor 594 goat anti-mouse IgG at 25 °C for 1 h. After
washing cells with phosphate-buffered saline, nuclei were
stained with 0.3 mM 4�,6-diamidino-2-phenylindol dihydro-
chloride (Molecular Probes) at 25 °C for 5 min.

RESULTS

Association of Histatin 3 with Heat Shock Cognate Protein
HSC70—The biological and physiological functions of histatin
3 against host cells are poorly understood. As a starting point,
we looked for histatin 3-associated proteins in mammalian
cells. A previous study reported that Ssa1p/Ssa2p proteins,
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members of the HSP family from C. albicans and Saccharomy-
ces cerevisiae, bind to histatin 5 and induce fungicidal activity
(32). We therefore examined the association of histatin 3 with
human HSPs by a yeast two-hybrid analysis using histatin 3 as
bait. As shown in Fig. 1A, histatin 3 bound to HSC70 as well as
the positive control, BASH-(1–62)/BNAS2 (28). In contrast,
neither combination of the empty bait or prey vectors showed
binding. HSP70, an HSP whose expression is induced by
stresses such as heat, did not bind to histatin 3, suggesting that
histatin 3 preferentially binds to HSC70, an HSP constitutively
expressed in the absence of stress in cells.
To determine the binding of histatin 3 to HSC70 inmamma-

lian cells, immunoprecipitation analyses were carried out.
Expression vectors encoding CFP-tagged histatin 3 (CFP-hista-
tin 3) and T7-tagged HSC70 (T7-HSC70) or T7-tagged
HSC70(D10N) (T7-HSC70(D10N), a substituted mutant in

which Asp at amino acid 10 is
changed to Asn (23)), were
co-transfected into COS-7 cells.
CFP-histatin 3 in the cell lysate was
immunoprecipitated with anti-GFP
serum, and Western blotting was
carried out using anti-T7 antibody.
As shown in Fig. 1B, T7-HSC70 and
T7-HSC70(D10N) were co-precipi-
tated with CFP-histatin 3 but not
with CFP alone (data not shown)
and control Ig. Conversely for
immunoprecipitation with anti-T7
antibody followed by Western blot-
ting with anti-GFP serum, CFP-
histatin 3 was co-precipitated with
T7-HSC70 and T7-HSC70(D10N)
(Fig. 1C). These results indicate
that histatin 3 and HSC70 or
HSC70(D10N) are associated with
each other.
We then examined the interac-

tion between histatin 3 and HSC70
under physiological and heat shock
conditions. HGFs were cultured
with histatin 3 for 24 h and then
heated at 42 °C for 5 h. HSC70 in the
cell lysate was immunoprecipitated,
and Western blotting was carried
out using anti-histatin 3 antibody.
As shown in Fig. 1D, histatin 3 was
co-precipitated with HSC70, indi-
cating that histatin 3 is taken up by
HGFs and thereafter binds to
HSC70 in cells regardless of heat
shock.
Next we tested whether other

members of the histatin family are
capable of binding to HSC70.
T7-HSC70 was transiently ex-
pressed in COS-7 cells, and the cell
lysate was subjected to binding with

GST-fused histatins (GST-histatins) 3, 4, and 5. As shown in
Fig. 1E, GST-histatin 3 bound to T7-HSC70more strongly than
did GST-histatin 5, and GST-histatin 4 and GST alone did not
bind to T7-HSC70. These results suggest that some, but not all,
histatins are associated withHSC70, and histatin 3 in particular
is predominant. We thereafter focused on the interaction of
histatin 3 with HSC70.
Determination of the Histatin 3-binding Domain of HSC70—

To determine the histatin 3-binding domain of HSC70, expres-
sion vectors encoding various deletion mutants of T7-HSC70
were prepared (Fig. 2A) and transfected into COS-7 cells. GST
pulldown assays were carried out using the cell lysate andGST-
histatin 3. As shown in Fig. 2B, deletion of the 385–543 region
of HSC70 resulted in the loss of histatin 3 binding. Similarly the
GST protein alone could not bind to either wild-type ormutant
HSC70s. Taken together, these results indicate that the 385–

FIGURE 1. Interaction of histatin 3 with heat shock protein HSC70. A, expression vectors encoding histatin
3 (bait) and heat shock proteins (prey) were transformed into yeast L40. Transformants were cultured on a
membrane filter, and a �-galactosidase assay was performed. Vector and BASH-(1– 62)/BNAS2 represent empty
and positive control vectors, respectively. B, COS-7 cells were co-transfected with expression vectors encoding
CFP-tagged histatin 3 and T7-tagged HSC70 or T7-tagged HSC70(D10N). Proteins extracted from COS-7 cells
were immunoprecipitated (IP) with anti-GFP serum and control serum (Ig). Precipitates as well as cell lysates
(lysate) were analyzed by Western blotting (WB) with anti-T7 antibody (top) and anti-GFP serum (bottom).
C, proteins extracted from COS-7 cells were immunoprecipitated with anti-T7 antibody and control IgG. Pre-
cipitates were analyzed by Western blotting with anti-GFP serum (top) and anti-T7 antibody (bottom). D, HGFs
were cultured with histatin 3 under non-heat (�) and heat (�) shock conditions. Proteins extracted from cells
were immunoprecipitated with anti-HSC70 antibody. Precipitates were analyzed by Western blotting with
anti-histatin 3 (top) and anti-HSC70 (bottom) antibodies. E, GST pulldown assays for members of the histatin
family and HSC70. An expression vector encoding T7-tagged HSC70 was transfected into COS-7 cells. Proteins
extracted from COS-7 cells were mixed with GST and GST-fused histatins 3, 4, and 5 that had been immobilized
to glutathione-Sepharose beads. Precipitates were analyzed by Western blotting with anti-T7 (top) and anti-
GST (bottom) antibodies.
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543 region (substrate-binding domain) ofHSC70 is essential for
binding with histatin 3.
Co-localization of Histatin 3 with HSC70 in Living Cells—To

examine the localization of histatin 3 and HSC70 in living cells,
expression vectors encoding CFP-histatin 3, DsRed-HSC70,
and DsRed-HSC70(D10N) were transfected into HGFs, and
cells were examined by confocal laser microscopy. As shown in
Fig. 3A, histatin 3 was diffusely distributed throughout cells,
whereas HSC70 and HSC70(D10N) were localized in the cyto-
plasm (Fig. 3, B and C, respectively). When CFP-histatin 3 and
DsRed-HSC70 were co-expressed, histatin 3 was diffusely dis-
tributed throughout cells (Fig. 3D), and HSC70 was mainly
localized in the cytoplasm and slightly in the nucleus (Fig. 3E).
The co-localization of these proteins can be observed in
“merged” figures (Fig. 3F). Conversely HSC70(D10N) was
found to be co-localized with histatin 3 in the cytoplasmic
region (Fig. 3, G–I). This result is consistent with the observa-
tion that HSC70(D10N) was observed in the cytoplasm even
under conditions in which HSC70 migrated into the nucleus
(29). These results indicate that histatin 3 is associated with
HSC70 in living cells.
DNA Synthesis and Cell Survival Induced by Histatin 3—

Histatin 3was found to be associatedwithHSC70 in vitro and in
vivo (Figs. 1–3). Because HSPs are involved in the regulation of

the cell cycle (31, 33), DNA synthesis and cell survival were
examined in HGFs in the presence of histatin 3. The levels of
DNA synthesis in cells were determined by measuring BrdUrd
incorporation into DNA, and cell viability was measured by an
MTT assay. As shown in Fig. 4A, histatin 3, but not BSA, stim-
ulated DNA synthesis in a dose-dependent manner; cell viabil-
ity was also enhanced by the addition of histatin 3 but not BSA
(Fig. 4B). These results suggest that histatin 3 is involved in the
proliferation of HGFs.
To further examine whether the stimulation of DNA synthe-

sis is induced by other histatins inHGFs, we conducted BrdUrd
incorporation assays using histatins 4 and 5. As shown in Fig.
4C, the level of DNA synthesis after the addition of histatin 5 to
cells was�2-fold lower than that after the addition of histatin 3.
The stimulatory effect of histatin 4 was similar to that of BSA.
These results suggest that the association of some, but not all,
histatins with HSC70 (Fig. 1E) is required for stimulating DNA
synthesis.
Because the progression of the cell cycle from G1 to the S

phase is controlled by cyclins and CDKs (25–27), we examined
whether the expression pattern of these proteins was affected
by histatin 3. To do this, HGFs were cultured in DMEM con-
taining 0.1%FBSover 24 h, and cells were stimulatedwith hista-
tin 3 for 8 h. The expression levels of cyclin D1 and CDK2 in
cells were analyzed by Western blotting with the respective
antibodies. As shown in Fig. 4D, histatin 3, like serum (a positive
control), induced the expression of cyclin D1 and CDK2 in a
dose-dependent manner, but BSA and a nonspecific control
peptide did not. Cyclin E was expressed at similar levels after

FIGURE 2. Determination of the histatin 3-binding domain of HSC70.
A, schematic representation of HSC70 and its mutants. HSC70(�1–384),
HSC70(�385–543), and HSC70(�542– 646) indicate HSC70 with deleted
ATPase, peptide (substrate)-binding, and variable (lid) domains, respectively.
All cDNAs were inserted into the pCAT7-neo vector. B, GST pulldown assays
for histatin 3 and various HSC70s. Expression vectors encoding various
HSC70s were transfected into COS-7 cells, and binding experiments and
Western blotting (WB) were carried out as described in Fig. 1E. WT, wild type.

FIGURE 3. Localization of histatin 3 and HSC70 in living cells. Expression
vectors encoding CFP-histatin 3, DsRed2-HSC70, and DsRed2-HSC70(D10N)
were transfected alone (A–C) or co-transfected in various combinations (D–I)
into HGFs. At 48 h after transfection, the localizations of proteins in cells were
examined by confocal laser microscopy. F and I, merged images of D and E or
G and H, respectively.
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the addition of histatin 3, serum, BSA, and a control peptide.
These results suggest that histatin 3 is involved in inducing the
expression of cell cycle regulators such as cyclin D1 and CDK2
during the G1/S transition.

We observed that, when cultured
in the presence of histatin 3, HGFs
took up histatin 3 (Figs. 1D and 6A).
In an attempt to resolve the under-
lying mechanism, we supplemented
the culture medium with MDC in
addition to histatin 3. MDC is an
inhibitor of membrane-bound
transglutaminase and interferes
with clathrin-mediated receptor
trafficking as demonstrated for
CD91 (34). The results indicated
that the uptake of histatin 3 by
HGFs depends on endocytosis (data
not shown). We then examined
whether the stimulatory effect of
histatin 3 on DNA synthesis is
affected by the addition of MDC to
cells. As shown in Fig. 4E, the level
of DNA synthesis induced by hista-
tin 3 was significantly decreased in
the presence of MDC compared
with that observed in the absence of
MDC (p� 0.01), suggesting that the
internalization of histatin 3 by
HGFs through endocytosis is neces-
sary for stimulating DNA synthesis.
Effect of HSC70 on DNA Synthesis

Induced by Histatin 3—We then
examined whether DNA synthesis
induced by histatin 3 is dependent
upon HSC70. When the expression
of HSC70 was knocked down by
introducing an siRNA targeting

HSC70 intoHGFs (Fig. 5A), the level of DNA synthesis induced
by histatin 3 was found to be �40% of that obtained in HGFs
when introducing a control siRNA (p � 0.01; Fig. 5B). Cell
viability in the presence of histatin 3 in HSC70 knocked down
HGFs was �80% compared with the control (Fig. 5C, none).
These results indicate that the stimulatory effect of histatin 3 on
DNAsynthesis is dependent uponHSC70, and it is possible that
the association of these proteins is required for DNA synthesis
in HGFs.
Effect of Heat Shock on the Localization of Histatin 3 and

HSC70 in Living Cells, DNASynthesis, andCell Survival—It has
been reported that HSC70 shuttles between the cytoplasm and
nucleus (35) and that translocation into the nucleus occurs
when cells are stimulated by heat shock (36). To determine
whether histatin 3 comigrates with HSC70 into the nucleus in
living cells following heat shock, HGFs were cultured with
FITC-histatin 3 for 12 h and heat-shocked at 42 °C for 5 h fol-
lowed by staining with anti-HSC70 antibody. Cells were
inspected by confocal laser microscopy. As shown in Fig. 6A, as
reported previously (36), HSC70 was predominantly translo-
cated from the cytoplasm to the nucleus under heat shock con-
ditions (upper panel of “heat shock (�)” versus “heat shock (�)”).
When histatin 3was added toHGFs, histatin 3 andHSC70were
mainly localized in the cytoplasm and partially in the nucleus

FIGURE 4. Effect of histatin 3 on DNA synthesis and cell survival. A and B, DNA synthesis and cell survival
induced by histatin 3. After HGFs had been cultured in DMEM containing 0.1% FBS over 24 h, histatin 3 and BSA
(control) were added to cells at the concentrations indicated, and cells were cultured for the indicated time
periods. DNA synthesis in cells and cell viability were determined by measuring BrdUrd incorporation using the
Frontier BrdU Cell Proliferation Assay kit and by an MTT assay, respectively. Each data point is the mean of
duplicated samples with error bars showing standard deviations. C, DNA synthesis in the presence of histatins
4 and 5. Histatins and BSA at 0.3 �M were added to HGFs, and DNA synthesis was analyzed as described in A and
B. Bars represent the means of duplicated samples with error bars showing standard deviations. *, p � 0.01
(Student’s t test). D, examination of expression patterns for cyclin D1, cyclin E, and CDK2. HGFs were cultured in
DMEM containing 0.1% FBS over 24 h. Cells were then stimulated with serum, BSA, control peptide (cont. pep.),
and histatin 3 for 8 h. Expression levels of cyclin D1, cyclin E, and CDK2 were examined by Western blotting with
the respective antibodies. E, DNA synthesis in cells after the addition of 0.3 �M histatin 3 with or without MDC.
DNA synthesis was examined as described under “Experimental Procedures.” Bars represent the means of
duplicated samples with error bars showing standard deviations. *, p � 0.01 (Student’s t test).

FIGURE 5. Effect of knockdown of HSC70 in HGFs on DNA synthesis induced
by histatin 3. A, HGFs were infected with retroviruses expressing siRNAs target-
ing HSC70 and its control (cont.). Proteins in cell extracts from HGFs were ana-
lyzed by Western blotting with anti-HSC70 (upper) and anti-�-actin (lower) anti-
bodies. B and C, DNA synthesis and cell viability after the addition of histatin 3 to
HSC70 knockdown cells were examined as described under “Experimental Pro-
cedures.” Bars represent the means of duplicated samples with error bars show-
ing standard deviations. *, p � 0.01 (Student’s t test).
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under non-heat shock conditions (middle and lower panels of
heat shock (�)). Following heat shock, these proteins translo-
cated into the nucleus and co-localized (middle and lower pan-
els of heat shock (�)). These results suggest that histatin 3 binds
to HSC70 in living cells regardless of heat shock and that the
complex is capable of translocating into the nucleus.
We then examined the effect of heat shock onDNA synthesis

and cell survival after the addition of histatin 3 to cells. As
shown in Fig. 6B, the level of DNA synthesis induced by histatin
3 increased significantly in response to heat shock (p� 0.01). In
contrast, BSA, a control peptide, and P3a (a peptide from the
clathrin light chain that binds to HSC70 (37)) did not affect
DNA synthesis. Cell viability in the presence of histatin 3 was
not affected by heat shock (Fig. 6C). These results suggest that
histatin 3 plays an important role in cell proliferation through
interaction with HSC70 even when cells are heat-shocked.
Effect of 15-DSG onDNA Synthesis and Cell Survival Induced

by Histatin 3 and on Binding of HSC70 to p27Kip1—We further
examined whether the specific interaction of histatin 3 and
HSC70 is necessary forDNAsynthesis and cell survival. BrdUrd
incorporation andMTT assays were carried out using 15-DSG.
15-DSG, which has a peptidomimetic structure and is an
immunosuppressive agent, binds specifically to HSC70 and is
also thought to preclude peptide binding to HSC70 (38, 39). As

shown in Fig. 7A, the level of DNA synthesis induced by histatin
3 decreased significantly in the presence of 15-DSG compared
with that in the absence of 15-DSG (p � 0.01). Although cell
survival was not affected by the addition of 15-DSGalone at this
concentration (40), the level of cell viability by histatin 3 in the
presence of 15-DSG was reduced to �70% of that obtained in
the absence of 15-DSG (Fig. 7B). Neither BSA nor P3a affected
DNA synthesis or cell viability. These results indicate that the
association between histatin 3 andHSC70 is very important for
cell proliferation in HGFs.
A previous study showed that HSC70 directly interacts with

p27Kip1, a cell cycle regulator, during the G1/S transition (31).
Because our results also showed that the binding of histatin 3
and HSC70may be correlated with DNA synthesis through the
G1/S transition in HGFs, we examined the effect of histatin 3
with or without 15-DSG on HSC70-p27Kip1 complex forma-
tion. HGFs were cultured in DMEM containing 0.1% FBS over
24 h, and cells were stimulatedwith histatin 3 in the presence or
absence of 15-DSG. Then p27Kip1 in the cell lysate was immu-
noprecipitated, and precipitates were analyzed by Western
blotting with anti-HSC70 antibody. As shown in Fig. 7C, after
the addition of histatin 3 alone to cells, HSC70 bound as
strongly to p27Kip1 as it did after the addition of serum with or
without 15-DSG. Conversely decreased binding between
HSC70 and p27Kip1 was observed in the presence of both hista-

FIGURE 6. Effect of heat shock on the localization of histatin 3 and HSC70
in living cells and on DNA synthesis and cell survival. A, HGFs were cul-
tured with FITC-histatin 3 for 12 h and heat-shocked at 42 °C for 5 h (right) or
not treated (left). Cells were stained with anti-HSC70 antibody and 4�,6-dia-
midino-2-phenylindol dihydrochloride (DAPI) (nuclear staining), and images
were obtained using confocal laser microscopy. Upper panel, localization of
HSC70; middle panel, localizations of histatin 3 and HSC70; lower panel,
merged images of histatin 3 and HSC70. B and C, DNA synthesis and cell
viability in the presence of histatin 3 under heat shock conditions were exam-
ined as described under “Experimental Procedures.” Bars represent the
means of duplicated samples with error bars showing standard deviations.
*, p � 0.01 (Student’s t test). cont. pep., control peptide.

FIGURE 7. Effect of 15-DSG on DNA synthesis, cell survival, and the bind-
ing of HSC70 to p27Kip1 after treatment of cells with histatin 3. A and B,
DNA synthesis and cell viability in the presence of 15-DSG and histatin 3 were
examined as described under “Experimental Procedures.” Bars represent the
means of duplicated samples with error bars showing standard deviations.
*, p � 0.01 (Student’s t test). C, effect of 15-DSG on the binding of HSC70 to
p27Kip1 after the addition of histatin 3 to cells. HGFs were cultured in DMEM
containing 0.1% FBS over 24 h and stimulated with serum, P3a, and histatin 3
in the presence or absence of 15-DSG. At 24 h, proteins extracted from cells
were immunoprecipitated (IP) with anti-p27Kip1 antibody. Precipitates were
analyzed by Western blotting (WB) with anti-HSC70 (top) and anti-p27Kip1

(bottom) antibodies.
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tin 3 and 15-DSG, and P3a had little effect on their binding
activities. These results suggest that the binding of HSC70 to
p27Kip1 is reinforced by the binding of histatin 3 to HSC70
during the G1/S transition.
Prevention of ATP-dependent Dissociation of the HSC70-

p27Kip1 Complex by Histatin 3—It has been shown previously
that ATP induces the dissociation of the HSC70-p27Kip1 com-
plex (31). The ATP (but not ADP)-bound form of HSPs is in a
state of rapid flux between the binding and release of the sub-
strate (20). We examined the effect of binding between HSC70
and p27Kip1 in the presence of histatin 3, ATP, ADP, and a
non-hydrolyzable ATP analog, ATP�S. p27Kip1 in cell lysates
from HGFs was immunoprecipitated, and precipitates were
mixed with histatin 3 and nucleotides before Western blotting
using anti-HSC70 antibody. As shown in Fig. 8A, HSC70
strongly bound to p27Kip1 in the presence of histatin 3 andATP,
whereas binding decreased dramatically with the addition of
P3a and ATP. ADP and ATP�S did not affect binding in the
presence or absence of histatin 3 andP3a. These results indicate

that histatin 3 stabilizes the HSC70-p27Kip1 complex even
when ATP is present.
Finally we examined the effect of nucleotides on the com-

plex formation of histatin 3-HSC70-p27Kip1 or histatin
3-HSC70(D10N)-p27Kip1. T7-HSC70 and T7-HSC70(D10N)
were expressed inHEK293 cells, andGSTpulldown assayswere
carried out using proteins extracted from cells and GST-hista-
tin 3. Precipitates were then incubated with nucleotides, and
Western blotting was carried out using anti-T7 and anti-
p27Kip1 antibodies. As shown in Fig. 8B, HSC70 binding to
histatin 3 was associated with p27Kip1 in the presence of all
nucleotides; however, ATP decreased the binding of
HSC70(D10N)-p27Kip1 to histatin 3. In addition, althoughADP
and ATP�S both dramatically decreased the binding of p27Kip1
to HSC70(D10N), HSC70(D10N) bound to histatin 3. p27Kip1
did not bind directly to GST-histatin 3 (data not shown). These
results suggest that the Asp-10 residue of HSC70 is important
for HSC70 binding to histatin 3 when ATP is present and that
neither ADP nor ATP�S appears to be essential for the binding
of p27Kip1 to HSC70(D10N).

DISCUSSION

It has been reported previously that, together with epidermal
growth factor, histatin 5 enhances cell proliferation in rabbit
costal chondrocytes (41). However, the precise mechanism of
this action is not understood, and it is essential to clarify how
histatins affect the physiology of mammalian cells, especially
oral cells. In this study, we found that histatin 3 interacts with
HSC70 from mammalian cells but not with HSP70. Histatin 5
was also weakly associated with HSC70 compared with histatin
3. The binding of histatin 3 to HSC70 prevented ATP-depend-
ent dissociation of the HSC70-p27Kip1 complex. Moreover
histatin 3 did not bind with the HSC70(D10N)-p27Kip1 com-
plex in the presence of ATP. The association of histatin 3 and
HSC70may correlate with cell proliferation through a cell cycle
regulator, p27Kip1, in oral HGFs, which constitute the major
cellular population of gingival tissue (42).
In general, although mammalian cell proliferation is primar-

ily regulated by extracellular signals such as growth factors,
other extracellular signals have been reported, including a pep-
tide from the nuclear localization signal of fibroblast growth
factor-1 that exhibits mitogenic activity and stimulates DNA
synthesis in a fibroblast growth factor receptor-independent
manner inNIH3T3 cells, enhancing the expression of cyclinD1
(43–45). In conjunction with our present study, these previous
findings suggest that some, but not all, peptides from both
native and partial proteins can function as effectors (factors) of
cell proliferation.
The G1/S transition in the cell cycle of mammalian cells is

one of the checkpoints at which the balance between activating
and inhibitory molecules appears critical, and actions such as
theoverexpressionof cyclins and thedown-regulationof cyclin-
dependent kinase inhibitors are all likely to be observed (46).
Among the various cyclin-dependent kinase inhibitors identi-
fied, p27Kip1 regulates cell cycle progression through ubiquitin/
proteasomal degradation (47–49). In addition, proteins that
interactwith p27Kip1, such as Jab1 and stress protein p8, control
the degradation of p27Kip1 (50, 51). HSC70 is also a p27Kip1-

FIGURE 8. Effect of nucleotides on the complex formation of histatin
3-HSC70-p27Kip1. A, association of HSC70 with p27Kip1 in the presence or
absence of histatin 3 and nucleotides. HGFs were cultured in DMEM contain-
ing 0.1% FBS over 24 h. Proteins extracted from cells were immunoprecipi-
tated with anti-p27Kip1 antibody, and precipitates were treated with P3a and
histatin 3 followed by incubation with ATP, ADP, and ATP�S. Western blotting
(WB) was then carried out using anti-HSC70 (top) and anti-p27Kip1 (bottom)
antibodies. B, effect of nucleotides on the association of HSC70-p27Kip1 with
histatin 3. HEK293 cells were transfected with the expression vectors encod-
ing T7-tagged HSC70 and T7-tagged HSC70(D10N). Proteins in cell extracts
were mixed and precipitated with GST-histatin 3. Precipitates were incubated
with ATP, ADP, and ATP�S, and Western blotting was carried out using anti-T7
(top), anti-p27Kip1 (middle), and anti-GST (bottom) antibodies.
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binding protein and is involved in cell cycle progression (31,
52). In addition, HSC70 is ubiquitinated and degraded with its
binding protein by the 26 S proteasome (53). Our findings show
that p27Kip1 interacts with the histatin 3-HSC70 complex and
that this ternary complex may be stable regardless of the pres-
ence of ATP (Fig. 8; see discussion below). Moreover histatin 3
induced the G1/S transition, thereby stimulating HSC70-de-
pendent DNA synthesis in HGFs (Fig. 5). It is tempting to spec-
ulate that the binding of p27Kip1 to the histatin 3-HSC70 com-
plex and/or the ternary complex might cause ubiquitination
and degradation through the ubiquitin/proteasome system,
leading to cell cycle progression. Further studies are required to
clarify this issue.
The present findings indicated that histatin 3 was co-local-

ized with HSC70 in the nucleus under non-heat shock condi-
tions (even more so under heat shock conditions) (Figs. 3 and
6A). We also found that histatin 3 accumulated in the nucleus
when HGFs were cultured with FITC-histatin 3 at 37 °C for 4
days (data not shown). This migration of histatin 3 appears to
depend on the nuclear localization signal and nuclear localiza-
tion-related signal-like sequences of HSC70 in living cells (Fig.
6A and Refs. 21 and 22) because no such sequences in histatin 3
were found in a search for motifs. The translocation of HSC70
to the nucleus under physiological conditions corroborates the
findings of a study usingmicroinjection of fluorescently labeled
HSC70 into the cytoplasm of rat embryo fibroblasts (36). Our
findings may therefore imply that the histatin 3-HSC70 com-
plex shuttles easily between the cytoplasm and nucleus under
physiological conditions, thereby associating with p27Kip1 even
though p27Kip1 exists in the nucleus and/or cytoplasm. In fact,
the translocation of p27Kip1 from the nucleus to the cytoplasm
has been observed (50, 54).
In addition, our findings showed that the formation of the

HSC70-p27Kip1 complex was reinforced by the addition of
histatin 3 but not by the addition of P3a (a peptide that binds to
HSC70 (37)) even when ATP was present (Fig. 8A). Although
theHSC70-p27Kip1 complex bound to histatin 3 in the presence
of ATP, theHSC70(D10N)-p27Kip1 complex did not.Moreover
in the presence of ADP and ATP�S, the amount of p27Kip1 that
bound to histatin 3-HSC70(D10N) was very low (Fig. 8B).
These findings imply that binding may be associated with dif-
ferences in affinities between histatin 3 and HSC70 or
HSC70(D10N) in the presence of nucleotides and also by
changes in the conformation (conformational stability)
between histatin 3-HSC70 (or HSC70(D10N))-nucleotide
complexes. It has been reported that HSC70 has a high peptide
affinity when bound to ADP (20). However, in the presence of
ATP, peptide-HSC70 is in a low affinity complex (55); in the
case of DnaK, an E. coli homolog of HSC70, conformational
changes in its substrate-binding region are induced by the bind-
ing of ATP (56). Another possibility is that ATPase activity of
HSC70may also affect the formation of the ternary complex. A
previous study showed that HSC70(D10N) dramatically
decreases ATPase activity, although the affinities between
HSC70(D10N) and ATP (or the substrate) and the conforma-
tion of HSC70(D10N) are similar to those of HSC70 (23); the
reason for this decrease in ATP activity is not yet understood. It
therefore seems plausible that the binding of histatin 3 to

HSC70 must induce conformational changes in HSC70,
thereby leading to the formation of a stable complex even when
ATP is present, especially toward p27Kip1. In such a case, the
ATPase activity of HSC70 may also affect the formation of the
ternary complex. Furthermore these presumed actions seem to
imply that the ternary complex still exists in the stable state in
cells even though the concentration of intracellular nucleotides
dramatically changes duringG1/S progression. In fact, total cel-
lular ATP pools have been shown to increase during G1/S pro-
gression in 3T6 cells, whereas nuclear stores do not, and
nuclear ATP/ADP ratios decrease once cells enter the S phase
(57).
In this study, we identified an interaction between a salivary

protein and amolecule fromoral cells thatmay be related to cell
proliferation, in particular to G1/S transition. The present find-
ings help us to better understand the functions and mecha-
nisms of salivary proteins against host cells in the oral cavity.
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52. Zeise, E., Kühl, N., Kunz, J., and Rensing, L. (1998) Cell Stress Chaperones
3, 94–99

53. Urushitani, M., Kurisu, J., Tateno, M., Hatakeyama, S., Nakayama, K.,
Kato, S., and Takahashi, R. (2004) J. Neurochem. 90, 231–244

54. Connor, M. K., Kotchetkov, R., Cariou, S., Resch, A., Lupetti, R., Beniston,
R. G., Melchior, F., Hengst, L., and Slingerland, J. M. (2003)Mol. Biol. Cell
14, 201–213

55. Takeda, S., and McKay, D. B. (1996) Biochemistry 35, 4636–4644
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