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Gingival epithelium is a stratified,

rapidly renewing tissue in which the

epithelial cells in the upper layers are

continuously lost and replaced with

newly proliferated cells originating in

the basal layer. Under normal condi-

tions the basal epidermal layer

contains 1–10% keratinocyte stem

cells, 50% transit amplifying (TA) cells

and 40% postmitotic differentiating

cells in early stage keratinization (1). In

vivo, oral keratinocyte stem cells (OK-

SCs) form a minor population of basal

cells, generally quiescent, with the

capacity for self-renewal and a greater

proliferative potential over their life-

time (2). These cells constantly give rise

to TA cells, which are actively cycling

basal cells with a limited lifespan and a

lesser proliferative potential. Although

OKSCs play crucial roles in cell
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Background and Objective: Although keratinocyte stem cells play a key role in

tissue homeostasis, wound healing and neoplasia, they remain difficult to identify

and characterize. The purpose of this study was to isolate and characterize an oral

keratinocyte stem-cell population.

Material and Methods: Oral human keratinocytes obtained from keratinized oral

mucosa were magnetically separated using a6b4 integrin and a proliferation-related

marker, CD71. The isolated cell fractions were analyzed for cell size, cell cycle

stage (using flow cytometry) and colony-forming ability. The expression of stem

cell markers p63 and cytokeratin 19 and of differentiation markers cytokeratin 10

and involucrin was checked using immunocytochemical analysis.

Results: The stem cell a
6
bpos
4 CD71neg fraction had the smallest cell size compared

with a
6
bpos
4 CD71pos and a

6
bneg
4 fractions [780.7 ± 141.5 (pixels), 1422.9 ± 264.6

(pixels) and 3844.4 ± 220.1 (pixels) respectively, p < 0.01; analysis of variance

(ANOVA)]. Also, the a
6
bpos
4 CD71neg subpopulation consistently had the highest

colony-forming ability among the three cell fractions (126.2 ± 21.7 vs. 32.8 ± 4.5

vs. 12.4 ± 2.1 compared with a
6
bpos
4 CD71pos and a

6
bneg
4 subpopulations,

respectively, p < 0.01; ANOVA). Moreover, the a
6
bpos
4 CD71neg fraction con-

tained more quiescent cells and fewer actively cycling cells than the a
6
bpos
4 CD71pos

cell fraction. The candidate stem cells were positive for cytokeratin 19 and p63

keratinocyte stem cell markers, while differentiation markers such as cytokeratin

10 or involucrin were absent.

Conclusion: The human gingival a
6
bpos
4 CD71neg cell fraction, separated by a

magnetic system, demonstrated several characteristics of gingival keratinocyte

stem cells. It is also suggested that a magnetic system may be an important tool in

acquiring oral keratinocyte stem cells for research.
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renewal, tissue homeostasis, wound

healing and neoplasia, they remain

poorly characterized and difficult to

isolate in a viable state. The availability

of suitable OKSC markers and sepa-

ration techniques would clearly facili-

tate the isolation and characterization

of OKSCs.

Among the most intensively studied

molecules of the keratinocyte cell

surface is the integrin family of cell-

adhesion receptors. Basal cells,

including OKSCs, adhere to the base-

ment membrane via adhesion mole-

cules known as integrins. In normal

epithelium, a6b4 integrin is expressed

exclusively on the surface of basal

keratinocytes, playing a crucial role in

hemidesmosome assembly by binding

to laminin-5 in the basement mem-

brane (3). Thus, a6b4 may provide a

suitable marker for OKSCs. However,

this marker alone cannot completely

distinguish OKSCs from TA, as a6b4
integrin is expressed in both cell types

(4). It is well known that keratinocyte

stem cells are slow-cycling cells, unlike

their direct progeny, TA, which are

rapid-cycling cells. Actively cycling

epidermal cells, such as TA, express

high levels of the proliferation-related

surface marker CD71, a transferrin

receptor, while quiescent cells, such as

OKSCs, show extremely low levels of

CD71 (5). Hence, CD71 can be a

marker for further separation between

OKSCs and TA cells.

In recent years, techniques for mag-

netic cell separation have been dra-

matically improved and have become a

popular tool for the isolation of target

cells because of their more rapid and

simpler methodology compared with

cell sorting using a flow cytometer

(6,7). Moreover, because magnetic

separation requires fewer cells than a

flow cytometer, this procedure is suit-

able for a small number of target cells,

such as OKSCs from a small gingival

biopsy. The objective of our study was

to isolate and to characterize an OKSC

population from human gingiva for

certain stem-cell and differentiation

markers. To the best of our knowledge,

this is the first study to separate a cell

population enriched for OKSCs using

a magnetic cell-sorting technique based

on a6b4 integrin and CD71 markers.

Material and methods

Isolation and culture of primary
keratinocytes

This study was reviewed and approved

by the Research Ethics Board of Nip-

pon Dental University. Keratinized

oral mucosa was obtained from

patients undergoing tooth extraction

and was processed within 2 h of col-

lection. In order to avoid any interfer-

ence of the enzymatic treatment with

the expression of different markers in

keratinocytes, we chose a well-estab-

lished protocol for isolating oral pri-

mary keratinocytes (4). Tissues were

rinsed with phosphate-buffered saline

(PBS), cut into smaller pieces and

subjected to enzymatic dissociation in

4 mg/mL of Dispase II (Sigma, St

Louis, MO, USA) and 3 mg/mL of

collagenase (Sigma) for 24 h at 4�C.
After treatment, the epidermis was re-

moved from the connective tissue. To

obtain viable single keratinocyte cells,

the epithelial sheets were treated with

0.05% trypsin for 30 min at 37�C. The
cells were resuspended in EpiLife�

medium (Cascade Biologics, Portland,

OR, USA) supplemented with 1.2 mM

calcium, EpiLife� Defined Growth

Supplements (Cascade Biologics),

0.250 lg/mL of fungizone and

0.250 mg/mL of kanamycin. The cells

were cultured in 35-mm-diameter

dishes precoated with human collagen

type IV (20 lg/mL) (Sigma) at 36�C in

an atmosphere of 5% CO2.

Antibodies

Mouse monoclonal [450-30A] antibody

to integrin a6b4 (Abcam, Tokyo,

Japan) conjugated with fluorescein

isothiocyanate was used at a concen-

tration of 10 lL per 105 cells for flow

cytometry analysis and at a dilution of

1:200 for immunocytochemistry stain-

ing. Mouse monoclonal anti-involucrin

(Sigma-Aldrich, Germany), mouse

monoclonal anti-cytokeratin 10 (Acris

GmbH, Hertford, Germany), mouse

monoclonal anti-p63 (Santa Cruz Bio-

technology, Inc., Santa Cruz, CA,

USA), mouse monoclonal antibody

[12G10] to integrin b1 (Abcam), and

mouse monoclonal anti-cytokeratin 19

(Abcam) were used at dilutions of

1:200 for immunocytochemistry stain-

ing. As a secondary antibody, Alexa

Fluor� 568-conjugated donkey anti-

mouse IgG (Invitrogen, Eugene, OR,

USA) was used to detect mouse pri-

mary antibodies. SYBR Green 1

(Trevigen, Gaithersburg, MD, USA)

was used to stain nuclei. Microbeads

conjugated to monoclonal anti-human

CD71 (isotype mouse IgG2a) (Miltenyi

Biotec, Inc., Auburn, CA, USA) were

used at a concentration of 20 lL per

105 cells for magnetic separation. Goat

anti-mouse IgG MicroBeads (Miltenyi

Biotec Inc.) were used according to

the manufacturer�s instructions as a

secondary antibody against mouse

anti-a6b4 for magnetic separation.

Magnetic cell sorting

The cells were incubated with mouse

monoclonal integrin a6b4 [450-30A]

fluorescein isothiocyanate-conjugated

antibody (Abcam). After removing

excess antibody, the cells were further

reacted with goat anti-mouse IgG

MicroBeads (Miltenyi Biotec Inc.),

then the cell suspension was loaded

into a column placed in the magnetic

field of a MACS� Separator (Miltenyi

Biotec Inc.). The unlabeled cells passed

through the column and represented

the a6b4-negative (a
6
bneg
4 ) fraction,

while the magnetically labeled cells,

representing the a6b4-positive (a
6
bpos
4 )

fraction, were retained in the column.

Two to three days after the first sepa-

ration the a
6
bpos
4 cell fraction was mag-

netically labeled with CD71

MicroBeads and subjected to the same

procedure of magnetic cell sorting. The

magnetically labeled CD71-positive

(CD71pos) cells were retained in the

column, while the unlabeled CD71-

negative (CD71neg) cells passed through

the column. After the two magnetic

separations the a
6
bpos
4 CD71neg fraction

was assumed to be the putative stem-cell

population.

Immunocytochemistry

Magnetically separated cells were sub-

cultured in four-chamber slides

(5000 cells per slide) (Nalge Nunc

International, Naperville, IL, USA).
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After fixing with 4% paraformalde-

hyde the slides were labeled with the

different primary antibodies, followed

by Alexa Fluor� 568-conjugated sec-

ondary antibody. The samples were

washed three times with PBS after each

antibody layer, and the stained cells

were observed under a confocal scan-

ning laser fluorescence microscope.

Flow cytometry

After trypsinization with 0.025%

trypsin solution, newly isolated kerati-

nocytes were stained with appropriate

primary antibodies for 1 h at room

temperature followed by Alexa Fluor�

568-conjugated secondary antibody.

After each antibody layer the cells were

washed three times with PBS. Unla-

beled cells were used as a negative

control. For each experiment,

2000 cells were analyzed using Guava

EasyCyte flow cytometry (Guava

Technologies, Hayward, CA, USA).

Data acquisition and analysis were

performed using GUAVA CYTOSOFT

software.

Cell cycle analysis

After each complete magnetic separa-

tion the a
6
bpos
4 CD71neg fraction was

incubated in 200 lL of Guava� Cell

Cycle reagent for 10 min and then ana-

lyzed using Guava EasyCyte flow

cytometry. The reagent contains propi-

dium iodide, which labels cellular DNA

and can discriminate between different

stages of the cell cycle. Data acquisition

and analysis were performed using

GUAVA CYTOSOFT software.

Colony-forming efficiency analysis

We plated 5000 magnetically separated

cells (a
6
bpos
4 CD71neg, a

6
bpos
4 CD71pos

and a
6
bneg
4 fractions) into six-well

plates (Costar, Corning, Eugene, OR,

USA) previously coated with human

type IV collagen (20 lg/mL) (Sigma).

The cells were cultured for 10 d in

EpiLife� Defined Growth Supplements

and then fixed in 4% paraformalde-

hyde and stained with 2% crystal vio-

let. Colonies of more than 20 cells were

counted separately using Cell Analyst�

(AssaySoft, Inc., Fountain Valley, CA,

USA). The assay was performed five

times.

Cell size analysis

Using a light microscope, photographs

of different fractions of cells were taken

and the images were analyzed using

Cell Analyst� (AssaySoft, Inc.). This

assay was performed five times, with

50 cells being counted separately on

each occasion.

Results

Separation of basal keratinocytes
based on a6b4 integrin expression

Only a small fraction of the newly

isolated human oral basal keratino-

cytes (8.1 ± 0.3%, mean ± standard

deviation, five independent experi-

ments) was found to be a6b4 positive

by flow cytometric analysis (Fig. 1).

This result agrees with the results of

previously published studies (3) on the

expression of a6b4 integrin and kerati-

nocyte stem cells in human skin in vivo.

Expression of stem cell and
differentiation markers

Following magnetic separation, we

examined, by immunostaining, the

expression of keratinocyte stem cell

markers p63 and keratin 19, and of

keratinocyte differentiation markers

involucrin and keratin 10. a
6
bpos
4

CD71neg cells were positive to p63 and

keratin 19, a
6
bpos
4 CD71pos cells were

positive to keratin 10 and 19, and

a
6
bneg
4 cells were strongly positive to

keratin 10 and involucrin (Fig. 2).

Cell cycle

Immediately after CD71 magnetic

separation, the a
6
bpos
4 CD71neg fraction

contained more resting cells (G0/G1

phase) than the a
6
bpos
4 CD71pos cell

fraction (65.9 ± 1.1 vs. 51.8 ± 0.6

respectively, p < 0.01; analysis of

variance (ANOVA)]. Also, the per-

centage of actively cycling cells was

significantly higher in the a
6
bpos
4

CD71pos cell fraction than in the a
6
bpos
4

CD71neg fraction (for S phase:

24.4 ± 0.5 vs. 16.16 ± 0.2 respec-

tively, p < 0.01 ANOVA; for G2/M

phase: 20 ± 1.4 vs. 10.18 ± 0.5,

respectively, p < 0.01 ANOVA)

(Fig. 3).

Colony-forming efficiency

The colony-forming ability of the

a
6
bpos
4 CD71neg, a

6
bpos
4 CD71pos and

a
6
bneg
4 fractions was determined after 2

weeks in culture, in five separate

experiments. The results showed that

a
6
bpos
4 CD71neg cells consistently gave

rise to higher colony numbers than the

a
6
bpos
4 CD71pos fraction (126.2 ± 21.7

vs. 32.8 ± 4.5 respectively, p < 0.01,

ANOVA) and than the a
6
bneg
4 fraction

(126.2 ± 21.7 vs. 12.4 ± 2.1respec-

tively, p < 0.01, ANOVA). These re-

sults suggest that the majority of

proliferating cells were in the a
6
bpos
4

D71neg cell fraction (Fig. 4A,B). The

a
6
bpos
4 CD71neg fraction consistently

gave rise to higher colony numbers

than the other fractions, indicating that

a
6
bpos
4 CD71neg was enriched in colony-

forming cells.

Cell size

Following magnetic separation based

on a6b4 expression and on CD71

expression, the three cell fractions

a
6
bpos
4 CD71neg, a

6
bpos
4 CD71pos and

Fig. 1. Flow-cytometric analysis of the in-

tegrin a6b4 on newly isolated human oral

keratinocytes: a6b4 was detected using

Alexa Fluor� 568. Marker 1 (pink) shows

that the majority of cells are a6b4 negative,

while marker 2 (green) indicates that a

minor population of basal keratinocytes is

a6b4 positive. Each data point represents the

mean ± standard deviation of five inde-

pendent experiments.
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a
6
bneg
4 were analyzed for their size

using cell-analysis software. The mean

cell sizes for the separated samples

were 780.7 ± 141.5 [pixel (px)], 1422.9

± 264.6 (px) and 3844.4 ± 220.1 (px)

for a
6
bpos
4 CD71neg, a

6
bpos
4 CD71pos and

a
6
bneg
4 , respectively (p < 0.01, ANO-

VA) (Fig. 5A). These results are cor-

related with colony-forming ability, the

cells showing an increase in colony

numbers with a decrease in the cell size.

(Fig. 5B).

Discussion

Regardless of their tissue of origin, all

epithelial cells share similar cellular

and molecular characteristics (8). In

human epithelia the basal epidermal

layer is composed of three distinct

types of keratinocytes: keratinocyte

stem cells, TA cells (i.e. the progeny of

stem cells) and postmitotic differenti-

ating cells found in different stages of

keratinization. While isolating and

characterizing OKSCs would contrib-

ute to regenerative dentistry, the lack

of appropriate methods or cell-surface

markers has made this objective diffi-

cult to achieve.

Recent magnetic particle technology

has provided a simple, rapid and effi-

cient cell-separation method (9). Suc-

cessful examples of magnetic cell

separation include isolation of rare

progenitor cells from human umbilical

cord blood (10) (11), isolation of hu-

man B lymphocytes (12) and magnetic

sperm selection based on sperm apop-

totic markers (7). In this study we used

a magnetic cell sorter (MACS) to iso-

late target cells from cell suspensions

using immunomagnetic particles

(MACS microbeads). An important

feature is that the MACS microbeads

do not interfere with proliferation

assays: both the enriched and depleted

fractions of cells can therefore be used

in culture immediately following

separation (13). Most importantly, the

procedure can be easily applied in

clinics and used for oral tissue engi-

neering.

Using MACS we managed to isolate

physically three populations of basal

keratinocytes, a
6
bpos
4 CD71neg, a

6
bpos
4

CD71pos and a
6
bneg
4 , based on the two

surface markers a6b4 integrin and

CD71, and we provided convincing

evidence that the a
6
bpos
4 CD71neg frac-

tion is enriched for OKSCs. Our results

are consistent with previously pub-

lished studies on keratinocyte stem

cells of human skin (14–16), human

corneal keratinocytes (17) and rodent

skin (18,19). As a6b4 integrin plays an

important role in the adhesion between

the basement membrane and OKSCs,

we chose a6b4 as a marker for stem-cell

isolation. Our data show that the

a
6
bpos
4 fraction represents a minor

subpopulation of approximately 8% of

the basal layer, consistent with previ-

ous studies showing that 1–10% of

skin epithelium is composed of stem

cells (20). For further separation

between actively cycling TA cells

(CD71pos) and quiescent OKSCs

(CD71neg) we used a proliferation-re-

lated marker, CD71. After separation

using the two markers, the expression

of stem-cell markers and keratinocyte

markers was examined in all three

magnetically separated cell popula-

tions. Previous authors have identified

a multitude of markers that can be

found in keratinocyte stem cells but, to

date, there are no specific markers for

epidermal keratinocyte stem cells in

general and for OKSCs in particular

(21). Certain surface markers for stem

cells in the neural system, for example,

CD133 (22), and in the hematopoietic

system, for example, CD34 (23), may

Involucrin Keratin 10 Keratin 19 p63 

6 4
posCD71neg

6 4
posCD71pos

6 4
neg

A 
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G

F

E K 

J 

I L 

Fig. 2. Immunofluorescence of magnetically sorted oral human keratinocytes. a
6
bpos
4

CD71neg, a
6
bpos
4 CD71pos and a

6
bneg
4 cells were stained with antibodies to p63, keratin 19,

keratin 10 and involucrin (red), and the nuclei were counterstained with SYBR Green. (A–C)

p63 stain for the three cell fractions; (D–F) keratin 19 stain for the three cell fractions; (G–I)

keratin 10 staining for the three cell fractions; (J–L) involucrin staining for the three cell

fractions. a
6
bpos
4 CD71neg cells were positive to p63 and keratin 19, a

6
bpos
4 CD71pos cells were

positive to keratin 10 and 19, and arm6
bneg
4 cells were strongly positive to keratin 10 and

involucrin.

Cell cycle

0
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80

G0/G1 S G2/M
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C
el
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 (

%
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6 4
negpos CD71

6 4
pospos CD71

Fig. 3. Cell-cycle analysis of different frac-

tions of oral human keratinocytes after

magnetic separation with a6b4 and CD71.

Analysis of the two fractioned groups

clearly shows that the candidate oral

keratinocyte stem cell (OKSC) population

(a
6
bpos
4 CD71neg) comprises more quiescent

cells (G0/G1 phase) and fewer actively

cycling cells (S and G2/M phases) than the

transit amplifying (TA) candidate cells

(a
6
bpos
4 CD71pos). Each data point repre-

sents the mean ± standard deviation of five

independent experiments.
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be used as skin stem cell markers, while

other studies stress the importance of

Notch (24) and c-Myc (25,26) signaling

in skin stem cell differentiation. How-

ever, it remains to be determined if

these markers and pathways are spe-

cific to OKSCs. As it is widely accepted

that p63 (27,28) and cytokeratin 19

(29) are good candidates for human

epidermal stem cell markers, we chose

these two markers for characterization

of OKSCs. Keratinocytes can be

inferred to be in different stages of

differentiation based on their expres-

sion of cytokeratin 10 and involucrin

(30,31). Our data show that p63 is

present in the a
6
bpos
4 CD71neg fraction

and absent in the other two. Cytoker-

atin 19 stained both a
6
bpos
4 CD71neg

and a
6
bpos
4 CD71pos cells, while the

keratinocyte-differentiation markers

involucrin and keratin 10 were absent

from a
6
bpos
4 CD71neg cells.

The a
6
bpos
4 CD71neg, a

6
bpos
4 CD71pos

fractions were also analyzed for their

cell-cycle activity. The results showed

that the a
6
bpos
4 CD71neg cell fraction

was relatively slow-cycling, with sig-

nificantly more cells in the G0/G1

phase and significantly fewer cells in

the S and G2/M phases compared with

the a
6
bpos
4 CD71pos cell fraction. These

data demonstrate that the putative

stem-cell fraction a
6
bpos
4 CD71neg is

quiescent, in contrast with the rapidly

proliferating a
6
bpos
4 CD71pos cell frac-

tion, as described in skin epithelia (4).

Another important attribute of kerati-

nocyte stem cells is that they have the

highest colony-forming ability among

keratinocyte populations. In this study,

the clonogenicity of the a
6
bpos
4 CD71neg

cell fraction was confirmed, as it con-

sistently produced significantly higher

numbers of colonies than either the

a
6
bpos
4 CD71pos cell fraction or the

a
6
bneg
4 cell fraction. This suggests that

the a
6
bpos
4 CD71neg subpopulation has

a much higher growth potential than

the other two cell fractions.

Previous work (32) (33) has shown

that keratinocyte stem cells have the

smallest cell size among keratinocyte

subpopulations. In our study, the a
6
bpos
4

CD71neg cell fraction had the highest

colony numbers but the smallest cell

size among the three cell populations.

By contrast, the a
6
bneg
4 cell fraction

formed the fewest colonies and had the

largest cell size. Also, the colony-form-

ing ability was inversely correlated with

cell size in the separated fractions, with

colony-forming efficiency decreasing

with increasing size of cells.

In the present study we have dem-

onstrated that oral basal keratinocytes

with the phenotype a
6
bpos
4 CD71neg

have important stem-cell attributes.

The physical ability to isolate OKSCs

involves several important implications

in defining more clearly the role of

these cells in oral epidermal differenti-

ation, and in studies of oral epithelial

disorders, including carcinogenesis. We

have shown that OKSCs can be

successfully isolated using a magnetic
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Fig. 4. Colony-forming efficiency. (A) After magnetic separation, 5000 cells from each of the

a
6
betapos

4 CD71neg, a
6
bpos
4 CD71pos and a

6
bneg
4 populations were plated for 2 weeks in culture.

The colony numbers were determined by staining with crystal violet. Colonies of more than

20 cells were counted separately using Cell Analyst�. (B) The a
6
bpos
4 CD71neg fraction

showed significantly higher colony numbers than the a
6
bpos
4 CD71pos and a

6
bneg
4 fractions.

Each data point represents the mean ± standard deviation of five independent experiments.
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Fig. 5. Cell-size analysis. (A) The a
6
bpos
4 CD71neg cell fraction was found to have the smallest

cell size while the a
6
bneg
4 fraction had the largest cell size among the three magnetically

separated fractions. Each data point represents the mean ± standard deviation of five

independent experiments. (B) Linear regression analysis showing the relationship between

colony numbers and the size of the three magnetically separated fractions (p = 0.001).
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cell-sorting system. Magnetic cell sep-

aration offers the benefits of simplicity

of operation and low cost, together

with the high specificity and sensitivity

provided by the use of immuno-

specific reagents. Transfer of this new

approach to clinics may lead to

significant improvement in developing

well-organized oral human epithelia

for use in intra-oral interventions.
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