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Abstract

Hyaluronan (hyaluronic acid, HA) is an abundant matrix component between keratinocytes of the epidermis in vivo, but its function there

remains unclear. We used a lift culture model, in which rat epidermal keratinocytes (REKs) stratify at an air– liquid interface, to ask whether

HA may regulate epidermal proliferation and/or differentiation. In this model, early markers of differentiation (keratin 10), and later markers

(profilaggrin, keratohyalin granules, cornified layers) are faithfully expressed, both temporally and spatially. HA, measured using two different

analytical techniques, accumulated to high levels only in the presence of an intact basement membrane that seals the epidermal compartment.

To test whether HA has a functional role in differentiation, Streptomyces hyaluronidase (StrepH, 1 U/ml; digests >95% of HAwithin 4 h) was

added daily to lift cultures during stratification time-course experiments over 5 days. In StrepH-treated cultures, the expression of profilaggrin

and the number and size of keratohyalin granules were significantly increased relative to controls using semiquantitative histological analyses.

The StrepH-related accumulation of K10 protein and profilaggrin/filaggrin were confirmed by Western analyses. Thus, it appears that the

presence of intercellular HA in the epidermis acts as a brake upon intracellular events that occur during keratinocyte differentiation.

D 2004 Elsevier Inc. All rights reserved.
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Introduction thousands of times in a linear fashion, and devoid of
Hyaluronan (HA) is a carbohydrate polymer (glycos-

aminoglycan) that was long-recognized as an abundant

component in the extracellular matrix of connective tissues

such as cartilage and the dermis of skin [1]. Because of its

very simple structure, consisting of a disaccharide subunit

(glucuronic acid and N-acetylglucosamine) repeated
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sulfates or other modifications [2], HA was thought to be

important for passive functions such as tissue hydration

and nutrient diffusion [3], but was presumably incapable

of active biological functions that might require specific-

ity. That picture has changed dramatically [4]. Recent

studies suggest that HA has active tissue-organizing func-

tions mediated through specific HA-binding proteins [5]

and cell-surface receptors such as CD44 [6,7] and

RHAMM [8]. HA is increasingly implicated in the path-

ogenesis of diseases that involve the recruitment and

activation of inflammatory cells, such as lung inflamma-

tion [9] and inflammatory bowel disease [10]. Synthesis

and accumulation of HA in pericellular matrices may also

be involved in tumor development and metastasis, con-

tributing to the malignant phenotype of melanomas and

carcinomas [11,12].

Because HA was first recognized as an abundant com-

ponent in mesenchymal connective tissues such as the
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dermis [13], the discovery of significant amounts of HA in

epithelial tissues such as the epidermis came as rather a

surprise when described over a decade ago [14,15]. Al-

though present in small absolute amounts when compared to

the dermis, the concentration of HA between keratinocytes

of the epidermis actually exceeds that in the dermis [3]. The

rapid turnover of epidermal HA (t1/2 approximately 1 day in

human skin organ culture) [16], further suggests that HA has

functional value for the tissue and indeed for the organism,

given that the epidermal barrier is essential to life.

HA in the matrix of tissues clearly supports cellular

proliferation and migration. Evidence for this includes a

strong correlation between high HA levels and embryonic

growth of tissues [17], wound healing [18,19], cell locomo-

tion [20], and cancer invasiveness [11]. However, the notion

that HA might influence cellular functions in the growth-

arrested, terminally differentiating compartments of epithe-

lial tissues, exemplified by the epidermis, is an idea that has

not been rigorously tested. A number of compelling lines of

evidence suggest that HA in the intercellular space may

indeed influence epidermal differentiation as well as prolif-

eration. For example, the anatomical observation that HA in

the epidermis of human skin organ cultures is more abun-

dant in spinous than in basal layers [21,22], led investigators

to propose that the majority of epidermal HA content and

synthesis could be involved in keratinocyte activities other

than proliferation, such as maintenance of the extracellular

space and cell–cell interactions during differentiation [21].

Correlative evidence for the latter includes the effect of

retinoic acid, which stimulates proliferation and inhibits

epidermal differentiation; the reduced differentiation is

accompanied by an increased HA accumulation in the upper

spinous layers [23]. Hydrocortisone, which inhibits epider-

mal proliferation and enhances terminal differentiation, is

accompanied by a decrease in epidermal HA [24]. Blockade

of the HA cell-surface receptor, CD44, using an antisense

CD44 transgene under the control of a cytokeratin promoter

[25] causes an atrophic condition resembling lichen scle-

rosus et atrophicus, a disease that features a thinned,

prematurely differentiated epidermis and a decrease in

CD44 receptors [26]. All of these correlations suggest that

HA may suppress differentiation as well as support prolif-

eration in the epidermis, but up to now there was no

convenient way to test this directly.

In the current manuscript, we approach the question of

epidermally derived HA and its role in epidermal homeosta-

sis by studying HA in an organotypic model epidermis. We

employ an immortalized rat epidermal keratinocyte (REK)

line that forms a normal-appearing epithelium when grown

on collagen gels in the complete absence of fibroblasts

[27,28]. When the collagen layer is covered with an intact

basement membrane, the model faithfully preserves the

compartmentalization of epidermal HA, confining the HA

produced by the keratinocytes to a location above the

basement membrane. With this model, HA can be removed

from the matrix by an enzymatic technique, and subsequent
effects upon epidermal differentiation readily observed. Such

experiments would be difficult or impossible to conduct in

the skin in vivo because the vast amounts of HA in the

dermis would confound measurements of the relatively

minor amount of HA in the epidermal compartment. In the

REK model, we ask whether the presence of the REK-

derived HA in the matrix influences the normal progression

of epithelial formation. Our data show that HA serves to

coordinate the finely orchestrated sequence of events in

epidermal differentiation, with full-length HA acting as a

brake upon the progress of terminal differentiation.
Materials and methods

REK cell line

The REK cell line used in this study was isolated by

Donald MacCallum from neonatal REKS (a gift from

Howard Baden) originally isolated by Baden and Kubilus

[29]. These keratinocytes possess the unique ability to

stratify and terminally differentiate in organotypic culture

without the aid of feeder fibroblasts. The cells were grown in

Dulbecco’s MEM (1 g glucose/l, 10% fetal bovine serum, 50

Ag/ml gentamicin sulfate) at 37jC in a 5% humidified CO2

incubator. REKs in monolayer culture were passaged after

trypsin release (0.05% trypsin in Ca2+, Mg2+-free Earle’s

balanced salt solution plus 0.02% EDTA, buffered to pH 7.4

with 20 mM HEPES); cells were seeded at a 1:6 dilution.

Preparation of collagen gels

All procedures were carried out on ice, to prevent

premature polymerization of the collagen. Commercially

available rat tail collagen I (BD Biosciences, Bedford,

MA; 3.9 mg/ml) was mixed with Hank’s salt solution

containing phenol red, and buffered with 20 mM HEPES.

The pH was adjusted by adding small (25 Al) aliquots of 1 N
sodium hydroxide until a pale orange (approximately pH 7),

homogeneous solution was formed, being careful to avoid

bubble formation during mixing. The homogeneous solution

(800 Al/insert) was added to plastic Transwell inserts (Co-

star; diameter 2.5 cm; pore size 3.0 Am) housed in 6-well

cluster plates. Polymerized collagen fibrils were formed

after incubation at 37jC for 2 h in the 5% CO2 incubator.

Collagen gels, once formed, were stored immersed in PBS

with 50 Ag/ml gentamycin sulfate at 4jC until use. Before

use, the gels were soaked twice in DMEM for 10 min, then

equilibrated at 37jC in complete DMEM medium in the

CO2 incubator overnight.

Preparation of basement membranes

MDCK cells (gift of Donald MacCallum, University of

Michigan) were seeded onto the collagen gels at a high

density (200,000 cells/2.5 cm insert) in DMEM/10% FBS.
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The cells were allowed to grow for 18–22 days and the

media changed thrice weekly. The cells were removed by

detergent lysis and washed as described [28]. Briefly, cells

were immersed in hypotonic lysis buffer (10 mM Tris–HCl,

pH 7.5, with 0.1% bovine serum albumin and 0.1 mM

CaCl2) for 10 min at 37jC in a humidified atmosphere.

They were then treated with 0.2% deoxycholate in hypo-

tonic lysis buffer, twice for 5 min. Complete removal of

adherent MDCK cells was monitored by light microscopy.

Collagen gels with denuded basement membranes on their

surface were stored at 4jC immersed in PBS with 50 Ag/ml

gentamycin sulfate until use. Before use, the gels were

immersed twice in DMEM for 10 min, then equilibrated

overnight at 37jC in complete DMEM medium in the CO2

incubator.

Establishment of organotypic cultures

REKs growing in subconfluent monolayers without signs

of stratification, were trypsinized and seeded onto inserts

containing a collagen-basement membrane at a density of

200,000 to 250,000 cells per 2.5 cm insert. The seeded

REKs were then immersed for 48 h in DMEM/10% FBS

present both in the upper and lower chambers of the Trans-

well. When the cells reached confluence, the medium was

removed from the upper chamber to expose the cells to air.

The medium in the lower chamber was changed daily (1.5

ml) for the duration of the experiment. Typically, differen-

tiation time course studies were carried out for 5 days at

37jC in the 5% CO2 incubator, with Transwells harvested at

various time points for morphology, RNA, protein, and

FACE analyses.

Histochemical analysis of proteins and HA

Cell cultures on Transwell filters were fixed at 4jC
overnight in Histochoice fixative (Amresco, Solon, OH).

The tissue was dehydrated in serial alcohols, cut from the

plastic frame, rolled like a cigarette, secured temporarily

inside a surgical grade stainless steel ring (4 mm diameter),

and then embedded in paraffin. Five-micron sections were

cut, rehydrated, and stained with hematoxylin and eosin

using standard procedures. For immunofluorescent staining

of filaggrin, K10, laminin, or PCNA, slides were warmed

for 2 h at 56jC before the deparaffinization and rehydration

steps to enhance epitope retrieval. For filaggrin and for

laminin, additional unmasking steps were needed. For

filaggrin, slides were heated in a citrate unmasking buffer

(Vector Labs, Burlingame, CA) at approximately 98jC for

30 min. For laminin, slides were heated in Retrieve-All Hier

solution (pH 9.5, Signet Laboratories, Dedham, MA) at

approximately 98jC for 30 min. All specimens were

blocked for 1 h with 3% normal donkey serum before

application of primary rabbit antisera. Incubation in rabbit

polyclonal antisera against rat filaggrin/profilaggrin (gift of

Dr. Beverly Dale-Crunk; 1:2000), murine K10 (Santa Cruz
Biotech, 1:50) or murine laminin (Sigma, 1:100) was done

overnight at 4jC in a humidified chamber. After PBS rinses,

incubation in donkey Cy3-conjugated anti-rabbit antibody

(Jackson Immunoresearch; 1:1500) was done at room tem-

perature for 4 h. Slides were mounted in 30% glycerol.

For analysis of cell proliferation, a monoclonal antibody

against PCNA (DAKO; 1:200) was applied to rehydrated

specimens; no unmasking was required. After 1 h incuba-

tion, specimens were rinsed several times in PBS, and

PCNA-positive cells were visualized using a biotinylated

secondary antibody and streptavidin-peroxidase (R.T.U.

Vectastain kit, Vector Labs) as instructed by the manufac-

turer. Slides were mounted in 30% glycerol.

For histological detection of HA, a biotinylated hyalur-

onan binding protein (bHABP) derived from cartilage

(Seikagaku Ltd; Tokyo, Japan) was used. After blocking

in serum (3% FBS) for 10 min, REK specimens were

overlaid with 10 Ag/ml of bHABP in PBS and 3% serum

overnight at 4jC in a humidified chamber. Cy3-conjugated

streptavidin (Jackson Immunoresearch; 1:500) was used to

detect the bHABP. Slides were mounted in 30% glycerol. To

check the specificity of bHABP binding, some samples

were incubated with hyaluronidase from Streptococcus

dysgalactiae (from Seikagaku; 250 mU/ml in 0.1 M ammo-

nium acetate buffer, pH 7) for 30 min at 37jC, to demon-

strate specific digestion of HA molecules.

For semiquantitative analysis of histological specimens,

high-power light-microscopic or immunofluorescence

images were digitally captured using a Polaroid DU-

DMC2 Camera. Image-processing was done with IPLab

Spectrum software (Signal Analytics, Vienna, VA) using a

combination of manual tracing and computer-assisted inte-

gration of the signal areas. These data are presented in Fig. 6.

HA analysis by fluorophore-assisted carbohydrate

electrophoresis

Quantitation of HA, in the culture medium and in the cell

layer, was obtained using FACE analysis as described by

Calabro et al. [30,31]. After collection, all samples were

frozen immediately and stored until use. For analysis of the

medium, aliquots (usually 300 Al with serum or without

serum) were precipitated with ethanol (1: 9 vol) at minus

20jC overnight to remove glucose still present in the

medium after cell incubation. After centrifugation, the pellet

was resuspended in ammonium acetate (100 mM, pH 7),

and protein was digested with protease K (3 U per sample)

for 3 h at 60jC. For analysis of REK cell layers, the entire

polyester membrane with the overlying gel was cut from the

plastic frame, the cell layers were carefully separated from

the collagen gel using micro-surgery tools under a stereo-

microscope, and the cell layer and collagen gels were each

digested separately using protease K, as described above.

After inactivation of the protease K (100j C for 5 min),

samples were precipitated with cold ethanol (1:4 ratio) at

�20jC overnight. The resulting pellet was resuspended in
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ammonium acetate (100 mM, pH 7), digested with hyal-

uronidase SD from S. dysgalactiae (100 mU/ml, Seikagaku)

for 1 h at 37jC, followed by the addition of chondroitinase

ABC from Proteus vulgaris (100 mU/ml, Seikagaku) and

incubation of 3 h at 37jC. Samples were then frozen on dry

ice and lyophilized.

End-labeling at the reducing end of the HA digestion

products with the fluorescent probe, 2 aminoacridone

(AMAC), was done as follows. To each freeze-dried sample,

40 Al of AMAC (500 nmol) in 85% DMSO/15% acetic acid

was added, and the sample incubated for 15 min at room

temperature. Then, 40 Al of sodium cyanoborohydride (1.25

M) in ultrapure water was added, and the mixture incubated

for 16 h at 37jC. At completion of this derivatization

reaction, 20 Al of glycerol (20% final conc.) was added to

each sample before electrophoresis. For storage, samples

were kept in the dark at minus 80jC. If samples formed a

precipitate during storage, they were heated to 60jC for 5–

10 min. For electrophoretic analysis, samples were run on

high-percentage acrylamide gels (Monogel, from GLYKO;

1 h at 500 V, cooled at 4jC), and the resulting bands were

illuminated under UV light (365 nm) for image-capture and

analysis via a Quantix CCD camera, as described [30].

HA fragmentation analysis by SDS-PAGE

To generate an HA-digestion ladder as an assay of

StrepH activity, reagent-grade HA (Sigma Co., 1 mg/ml in

DMEM) was incubated in the presence of StrepH (1 U/ml)

at different times, in media containing different amounts of

FBS (see Fig. 5). After enzyme inactivation by boiling, each

reaction product was mixed with Laemmli sample buffer

and run on a 5% SDS-polyacrylamide gel (BioRad minigel).

The gels were stained with 0.5% Alcian blue in 10% acetic

acid.

HA ‘‘knock-out’’ time course experiments

To completely remove HA from the extracellular spaces

in REK organotypic cultures during differentiation experi-

ments, a ‘‘functional knockout’’ was created using Strepto-

myces hyaluronidase (StrepH; from Seikagaku Ltd.). Small

scale experiments showed that 1 U/ml of StrepH was able to

completely digest full-length HA (1 mg/ml) after 4 h at

37jC, as assessed by FACE analysis and SDS-PAGE.

StrepH was not inhibited by 10% FBS (see Fig. 5) and

maintained more than 70% of activity after 24-h incubation

with cells. To perform time-course experiments in which

HA was effectively removed from the intercellular spaces,

confluent monolayer REK cultures were lifted to the air–

liquid interface in a reverse-serial fashion, as follows. Day 5

cultures were lifted on the first day of the experiment and

Day 4 cultures were lifted on the second day, until all

cultures (including the Day 0 time point) were harvested

together on the 5th day. Lifted digested inserts received 1.5

ml of medium (DMEM/10% FBS) containing 1 U/ml of
StrepH daily, while all other inserts (controls) received

medium alone. Media changes were performed at exactly

24 h, to avoid any effects from nutrient depletion. In early

experiments, we also added 200 Al of StrepH/media on the

top of the cells, but because the newly formed stratum

corneum was effective at repelling liquids (forming droplets

by 48 h), we did not add StrepH to the upper chamber in

later experiments.

Western blot analysis

The REK cell layers from different time courses and

conditions were peeled off and treated with 0.05% trypsin

for 15 min at 37jC. Cells were centrifuged at 5000 rpm at

4jC for 1 min followed by a wash with ice-cold PBS. Cells

in lysis buffer (7 M urea, 2% IGEPAL, 5% h-mercaptoe-

thanol) were lysed with three 4-s bursts using an ultrasonic

probe. Equal quantities of protein, along with prestained

molecular size markers (BioRad), were resolved on a 12%

SDS-PAGE gel and transferred to PVDF membranes

(Immobilon, Millipore Corp). Western blotting with rabbit

polyclonal antisera specific for K10 (1:10,000) and filaggrin

(1:10,000) was done as described [32]. Blots were incubated

with peroxidase-conjugated goat anti-rabbit IgG and devel-

oped using enhanced chemiluminescence reagents (ECL kit,

Amersham) followed by exposure to X-ray film (Biomax,

Kodak).
Results

The REK epidermal model faithfully reproduces the

expression pattern of differentiation markers normally seen

in the epidermis

To adequately address the question of a role for extra-

cellular HA in the physiological processes of epidermal

differentiation and stratification, we sought an organotypic

model that (i) replicates the program of epidermal differen-

tiation normally seen in vivo, (ii) accumulates HA in the

correct intercellular location (i.e., in the matrix between the

keratinocytes), and (iii) does not obscure the detection of

epidermal HA by the overwhelming presence of HA pro-

duced by dermal fibroblasts. Since nearly all organotypic

(skin equivalent) models in current use employ dermal

substrate-containing fibroblasts, we used an in vitro system

described by Lillie et al. [27] that forms a nearly perfect

epidermis without the need for fibroblast coculture. The

basis of this system is an immortalized rat keratinocyte

(REK) line originally derived by Baden and Kubilus [29],

which differentiates and stratifies independently of fibro-

blast-derived factors when grown at the air–liquid interface

on a renatured collagen gel. To optimize the tissue mor-

phology and functional behavior of the stratified REK

epithelium, a basement membrane is deposited by culturing

MDCK cells upon the collagen gel and then removing them
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before seeding the REK cells [28], see Fig. 1A. MDCK cells

synthesize components (e.g., laminin and collagen IV)

found in normal epidermal basement membranes [28,33],

and when grown on a collagen gel, can assemble these

molecules into a physiologically well-organized structure

that will then support attachment and adhesion of REK

cells. Examination of the BM zone of these cultures by

electron microscopy reveals architectural features character-

istic of a normal epidermal basement membrane, that is,

presence of a lamina lucida, lamina densa, and hemidesmo-

somes [3,28].
Fig. 1. The REK organotypic system reproduces normal epidermal morphology an

lift-culture epidermal model. A collagen gel is polymerized onto a porous polyester

a preformed basement membrane (BM) is created by culturing MDCK renal epith

shown). Subsequently, keratinocytes (REK) are plated and grown submerged on th

air by reducing the volume of culture medium to the level of the gel. This initiates

of differentiation-related gene markers, and the formation of several stratified laye

differentiation markers develop in the REK model epidermis during stratification.

grow to confluence submerged for 2 days, and then were raised and maintained at

embedding, and microtome sectioning. (B) Analysis by H and E staining; KHG, ke

using an anti-K10 primary antibody and Cy3-tagged secondary antiserum. Dotted

using an anti-filaggrin antibody (gift of Beverly Dale-Crunk; 1:2000) and the Cy
Adaptation of the REK lift culture model for the study of

epidermal HA metabolism was recently described [28], but

more analysis is needed to determine the expression of

keratinocyte differentiation characteristics in the system.

Fig. 1 illustrates the spatial and temporal patterns of several

morphological differentiation markers in the REK model.

After REKs were seeded and grown to confluence on the

basement membrane (Figs. 1B–D, at 0 d), the cultures were

lifted to the air–medium interface. By 2 days, the cultures

began to stratify, and by 5 days, several features associated

with terminal differentiation became fully evident. These
d tissue-specific differentiation markers. (A) Schematic diagram of the REK

membrane (3.0 Am pores) in a Transwell tissue culture insert. Subsequently,

elial cells on the collagen for 3 weeks, then removing the MDCK cells (not

e BM. When the keratinocytes reach confluence, the cultures are exposed to

an epidermal differentiation program that involves the sequential expression

rs. (B, C, D) Normal tissue architecture and a normal expression pattern of

REKs seeded on a collagen/BM substrate (as in this figure) were allowed to

the air – liquid interface for 0, 2, or 5 days before harvest, fixation, paraffin-

ratohyalin granule; asterisk, stratum corneum. (C) Immunofluorescent stains

lines denote the substrata-epidermal junction. (D) Immunofluorescent stains

3-tagged secondary antiserum. Scale bar, 25 Am.
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included the presence of two or three layers of suprabasal

cells, abundant keratohyalin granules (KHG; Fig 1B,

arrows), and a well-developed stratum corneum (Fig. 1B,

asterisks). Immunostaining revealed expression of keratin

10 (K10) in the suprabasal layers, starting at 2 days and

increasing at 5 days (Fig. 1C). Increases in K10 were

independently confirmed on Western blots (Fig. 2A). Filag-

grin, a late marker of differentiation, is expressed by the

REKs most prominently at 5 days, as shown by immunos-

taining (Fig. 1D). Filaggrin can be considered the molecular

analog of the KHG, since it is stored in keratohyalin

granules as a large precursor polypeptide (profilaggrin),

that is eventually cleaved into filaggrin subunits as the

keratinocytes begin to cornify [34,35]. In our model, the

processed subunits appear as a ladder on Western blots from

lift cultures at day 2, and increase substantially as the

cultures mature over the ensuing days (see Fig. 2B).

The REK model elaborates and retains intercellular HA

within a closed epidermal compartment

To show that the REK organotypic model is adequate for

these studies, it was important to demonstrate that HA is

produced by REK cells and retained within the epidermis. For

these experiments, REK cultures grown directly on bare

collagen (Figs. 3A–C) were compared with REK cultures

in which a preformed MDCK membrane had been applied

(Figs. 3E–G), as confirmed by staining with an antibody to

laminin (Figs. 3D, H). To visualize HA, tissue sections were

incubated with biotinylated HA-binding protein (bHABP), a

fragment of aggrecan/link protein that binds to HAwith high

affinity [14]. Incubation with bHABP was followed by

addition of avidin-Cy3. Bright intercellular staining was

observed in fully mature REK lift cultures seeded onto

basement membrane (Fig. 3G). However, this was not the

case for REK cultures seeded onto bare collagen (Fig. 3C). It

appeared that in the absence of an intact BM, HA produced by
Fig. 2. Differentiation-specific proteins, analyzed by Western blotting, are upregula

medium interface for the times indicated (in days), lysed, and equivalent amounts o

the early marker, K10; and (B) the late marker, profilaggrin/filaggrin. In the righ

positive control. (C) A gel loaded with the same volumes of lysate as in the immun

markers are shown (kDa).
the keratinocytes was lost into the collagen gel. To confirm

this, we used FACE analysis to measure the amounts of HA

quantitatively (Fig. 4A). The fluorophore-assisted carbohy-

drate electrophoresis (FACE) technology measures the HA

content of very small amounts of tissue, while circumventing

problems inherent in previous detection methods that relied

upon radiolabeling [36]. Total glycosaminoglycans are

extracted from a tissue and enzymaticaly cleaved to the

component disaccharides, which are then end-labeled with

a fluorescent tag, separated on a gel, and detected fluorome-

tricaly. Fig. 4A shows a FACE analysis from REK cultures in

which the cellular layer and the collagen gel were examined

separately. In the absence of a basement membrane, the

amount of HA was more abundant in the collagen gel than

in the cell layer, whereas in the presence of the basement

membrane, the ratio was inverted, favoring retention of HA in

the cell layer. Interestingly, the total amount of HA produced

by REKs did not change markedly in the presence or absence

of a basal membrane. Rather, the notable difference was the

HA distribution between different compartments. By FACE

analysis, >70% of total HAwas present in the epidermal cell

layer when a basement membrane was present, compared to

less than 15% when the basement membrane was absent,

allowing leakage into the collagen below.

FACE was also used to quantify the rate at which HA

accumulates in the epidermal compartment during differen-

tiation and stratification (Fig. 4B). Over a 5-day time course,

the amount of HA in the epidermal cell layer rose 10-fold,

increasing from 215 to 2040 pmol disaccharide/culture (Fig.

4B, lower). Epidermal HA also increased in the absence of a

basement membrane but to a lesser extent, from 95 to 460

pmol disaccharide/culture (not shown). The greatest incre-

mental increases occurred in the first 24 h, during which HA

more than doubled. A more detailed examination of earlier

times showed that increases in epidermal HA could be

detected at between 12 and 18 h after lifting to the air–

liquid interface (Fig. 4B, upper).
ted in REK cultures exposed to air. REK lift cultures were grown at the air–

f protein separated on immunoblots and probed with antisera specific to: (A)

tmost lane of panel A, an aliquot of protein from mouse skin was run as a

oblots of B and C, and stained with Coomassie Blue dye. Locations of MW



Fig. 3. Analysis of HA, by in situ staining with biotinylated HA binding protein (bHABP), detects intercellular accumulation of HA in the REK lift cultures in

the absence (A–D) or presence (E–H) of a basement membrane. Cultures were harvested after maintenance at the air – liquid interface for 0, 2, or 5 days.

Paraffin sections were incubated with bHABP followed by Cy3-avidin, which yields a bright signal, (A–C) and (E–G). Dotted lines indicate the interface

between the epidermal and collagen compartments. Note that HA accumulation in the epidermis is highly dependent upon the presence of an intact basement

membrane, confirmed in cultures with REK cells on a preformed MDCK-derived membrane (H) but not in cultures on bare collagen (D); immunostaining was

.
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An exogenous hyaluronidase enzyme from Streptomyces can

be used experimentally to remove intact HA from the

intercellular matrix of the REK epidermis

To directly address the role of HA in the keratinocyte

differentiation program, we needed a method to directly

manipulate intercellular HA levels in the living epidermal

cultures. A hyaluronidase enzyme derived from the micro-

organism Streptomyces, and known to be highly specific for

performed with anti-laminin followed by a Cy3-labeled secondary antibody
Fig. 4. Measurement of HA accumulation in the REK lift cultures using FACE an

grown either on bare collagen (�BM) or with the preformed basement membrane

layer, the tissue peeled away from the collagen) was analyzed separately. (B) FAC

the increase in total HA during differentiation over the first 24 h after lift (upper pa

derived from HA (di-HA) or from a nonsulfated form of chondroitin (di-0S) are in

with Streptomyces hyaluronidase before gel analysis to demonstrate specificity of
HA, was initially tested for its ability to degrade HA in the

presence of potential inhibitors in the cell culture medium,

principally FBS (Fig. 5). Our results show that even in the

presence of 10% FBS, StrepH is capable of degrading HA,

causing significant breakdown within the first 15 min and

nearly complete degradation of the polymer by 4 h (Fig. 5A).

HA is reduced from its initial size of >1 million kDa, to small

oligosaccharides that can be detected by end-labeling with a

fluorescent probe (AMAC) and separation on Glyko FACE
alysis. (A) Accumulation of HA from 5-day lifted REK cultures that were

(+BM). HA in each compartment (substratum, the collagen gel; and the cell

E analysis of total cellular material from REK lift culture model, illustrating

nel), or over the ensuing 5 days (lower panel). Disaccharide standards (Std)

dicated. In the last lane, labeled ‘‘StrepH+24,’’ a 24-h sample was digested

the HA-derived band.



Fig. 5. Demonstration and validation of the StrepH digestion technique. (A) Acrylamide gel of purified HA (1 mg/ml, from Sigma) incubated with StrepH (1 U/

ml) for 15 min or 4 h in the presence of various concentrations of fetal bovine serum (FBS). The gel was stained with Alcian Blue. Boil, the Strep hyaluronidase

was destroyed by boiling as a negative control. (B) Similar experiment, but now run on a high-concentration acrylamide gel (Glyko) after end-labeling the digested

HA fragments with AMAC to tag them for fluorometric visualization. (C) REK cells on collagen, after 5 days in lift culture in the absence (top) or presence

(bottom) of StrepH added daily; cultures were fixed and stained with bHABP. Not
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high-concentration acrylamide gels (Fig. 5B). In Fig. 5C, the

StrepH enzyme was added to the REK culture medium for 24

h, and after paraffin-embedding and sectioning, the HA

content of the tissue was assessed using the fluorescent-

bHABP technique. The results show that StrepH effectively

digests intercellular HA, confirming the utility of StrepH as a

reagent to remove hyaluronan from the extracellular matrix

during epidermal differentiation experiments.
Fig. 6. Illustrative changes in keratohyalin granules and filaggrin expression in org

with (+StrepH; B, D) or without (Control; A, C) Streptomyces hyaluronidase added

hematoxylin–eosin (A, B) or with antibody to filaggrin followed by Cy3-labeled

locations of the basal (b), spinous (s), granular (g), and cornified (c) layers are i

membrane. INSETS: Enlargements to show keratohyalin granules. Arrows indica

cultures than in control cultures. Scale bar, 25 Am.
Removal of intact HA from the REK epidermis accelerates

the keratinocyte differentiation program

Having established that StrepH in the culture medium

can effectively digest and remove HA from between kera-

tinocytes in the organotypic epidermis, we conducted time

course experiments during REK stratification in the pres-

ence or absence of StrepH. Cultures were harvested at 0, 2,

e the complete absence of HA after digestion with StrepH (lower panel).
anotypic REK cultures differentiating at the air– liquid interface for 5 days

to the culture medium. Paraffin-embedded 5 Am sections were stained with

immunofluorescent secondary antisera (C, D). For orientation purposes, the

ndicated in panel A. Dashed lines in panels C and D denote the basement

te very large (‘‘giant’’) KHGs, which are more numerous in StrepH-treated



Fig. 8. Digestion of intercellular HA leads to enhanced expression of

differentiation markers in organotypic REK cultures. REK lift cultures were

maintained at the air–medium interface for 5 days in the absence (�) or

presence (+) of StrepH, then harvested for Western blotting. (A)

Immunoblot for keratin 10; (B) Immunoblot for filaggrin/profilaggrin; (C)

A gel, loaded with the same volumes of lysate as in the immunoblots of B

and C, and stained with Coomassie Blue to evaluate total protein. Locations

of MW markers are shown in kDa (on the left).
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or 5 days after the initiation of air exposure, and then were

fixed and processed for the histochemical analyses (Fig. 6)

summarized in Fig. 7. Loss of intercellular HA did not

prevent formation of the REK epithelium, which appeared

grossly normal in the presence of StrepH. However, our

survey of markers of proliferation and differentiation (Fig.

7) revealed significant abnormalities in differentiation at the

molecular level in the StrepH-treated cultures. Proliferation

was suppressed in all lifted cultures with respect to the

initial submerged cultures (Fig. 7A), but no differential

effect could be attributed to HA since an equivalent number

of PCNA-stained nuclei were seen in StrepH-treated cul-

tures as compared to time-matched, untreated controls (Fig.

7A). However, the differentiation markers K10 and filaggrin

were significantly affected. Expression of K10, an early

differentiation marker, was not reproducibly altered at 2

days (not shown), but at 5 days was increased in StrepH-

treated cultures compared to controls (Fig. 8A). More

dramatically, the expression of filaggrin and KHGs, two

late markers of differentiation, was strongly increased in

StrepH-treated cultures. Tissue sections immunostained to

detect filaggrin revealed strongly positive staining in the

granular layer (Figs. 6C, D); the signal corresponds to the

expected location of profilaggrin/filaggrin, known to reside

within KHGs [35] as seen on hematoxylin–eosin-stained

sections (Figs. 6A, B). Interestingly, the number of these

filaggrin-positive granules was higher in StrepH-treated

cultures (Figs. 6B, D) compared to controls (Figs. 6A, C);

computer-assisted counting revealed that the difference was

statistically significant (Fig. 7B). In addition to the higher

number of filaggrin-positive KHGs, a shift in the average
Fig. 7. Quantitation of changes in histologic markers of proliferation and differentiation in organotypic REK cultures, in the absence (open bars) or presence

(gray bars) of StrepH. (A) PCNA-labeled nuclei. PCNA-positive nuclei, expressed as a percentage of total nuclei per high-power field. Data from two

experiments, 20 sections per time point; meanFSD. A slight decrease in proliferation in the lifted cultures is noted, but is significant only at the point indicated

(#), P < 0.05 by Student’s t test. (B) Filaggrin immunopositive granules. Discrete granules in the stratum granulosum, specifically stained with anti-filaggrin

antiserum, were segmented and scored using the IPLab Spectrum program and expressed as number of granules per unit length of epidermis (arbitrary units).

Data from two experiments, three fields per condition, meanFSD. (*) and (**), differences relative to controls lacking StrepH are statistically significant by

Student’s t test, at the P < 0.001 level. (C) Giant keratohyalin granules. To measure the relative increase in average sizes of KHGs observed in StrepH-treated

cultures, hematoxylin–eosin-stained sections were scored for the presence of very large (‘‘giant’’) KHGs, defined as a granule equal or larger in size than a

nucleolus in the nuclei of basal keratinocytes. One of the authors (H.K.), unaware of the identity of each slide, counted 25 high power fields per condition in

each experiment in three separate experiments. Data are expressed as percentage of high power fields (hpf) that contain one or more large granules,

meanFSEM. (***), Difference between StrepH-treated vs. untreated controls is statistically significant by Student’s t test, at the P < 0.01 level.
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size of the granules was noted, characterized by the appear-

ance of unusually large (‘‘giant’’) KHGs in the StrepH-

digested cultures. To quantify the latter change, a size

threshold was established to define the giant KHGs (see

legend to Fig. 7), which were then counted in three experi-

ments. As shown in Fig. 7C, a statistically significant

increase (approximately 3-fold) in the number of giant

KHGs was evident in the StrepH-treated specimens. To

begin to investigate the mechanism for this enlargement of

KHGs, we tested the hypothesis that processing of profilag-

grin to filaggrin (a prerequisite for the filaggrin peptides to

leave the KHG and travel to the cytoplasm) might be

selectively altered. On Western blots of cellular proteins

from 5-day REK lift cultures, the total amount of immuno-

reactive filaggrin material appears greatly increased in the

StrepH-treated cultures (Fig. 8B), yet the overall pattern of

high molecular weight profilaggrin combined with smaller

processed fragments (filaggrin multimers) looks relatively

unchanged, as compared to control cultures (see Fig. 2B).

Thus, the increase in the KHGs appears to be due to a robust

increase in profilaggrin, which is then proteolytically pro-

cessed to filaggrin in roughly the usual proportions.

In summary, it is apparent that StrepH-mediated diges-

tion of intercellular HA leads to increased expression of

terminal differentiation markers in the REK system. Accu-

mulation of K10, a very early marker of differentiation [37],

accumulates at 2 days of lift to a similar extent in both

StrepH-digested and control cultures, but at 5 days accu-

mulates to a higher level in the StrepH-digested cultures.

More strikingly, the expression of filaggrin and the accu-

mulation of KHGs (markers of late terminal differentiation)

become significantly elevated as early as 2 days after the

initiation of lift, in the presence of the StrepH enzyme, an

effect that increases even more at 5 days. Overall, the data

are consistent with the notion that loss of HA in the

epidermis shifts the differentiation program of keratinocytes

toward a more terminally differentiated state.
Discussion

While a growing body of circumstantial evidence impli-

cates the intercellular matrix molecule, HA, as a modulator

of keratinocyte migration, proliferation, and/or differentia-

tion in various settings (see Introduction), the role of the HA

observed between keratinocytes in the three-dimensional

epithelial tissue comprising the epidermis had not been

previously ascertained. In this study, we employed an

organotypic model that features rat epidermal keratinocytes

(REK cells) stratifying on collagen gels at the air– liquid

interface [27,28] to experimentally evaluate the requirement

of HA for proliferation and differentiation in epidermal

tissue. This particular model was chosen for three reasons:

(i) because the model tissue faithfully displays known

markers of the keratinocyte differentiation program; (ii)

because the REKs have a unique ability to stratify in the
absence of any cocultured fibroblasts; and (iii) the model

includes a functionally intact basement membrane to con-

fine HA within the epidermal compartment. Regarding the

last feature, the use of an MDCK-derived basement mem-

brane (as opposed to growing keratinocytes on bare colla-

gen) largely accounts for the unique ability of the REK

organotypic model to simulate the in vivo environment of

epidermal HA. The effect of adding this exogenously

produced BM to the basic REK model was described in

recent work from Tammi et al. [28], which showed that

REK cells alone fail to produce a basal lamina capable of

retaining HA in the epidermal space, whereas MDCK-

derived membranes (a highly organized structure containing

laminin and collagen IV) successfully prevent HA leakage

into the collagen substrate. By electron microscopy, REK

basal keratinocytes lack hemidesmosomal structures when

grown directly on bare collagen gels, but do form normal

hemidesmosomes when grown upon the MDCK-derived

BM [3]. Our results confirm the advantages of the

MDCK-membrane and its HA-retaining ability, using two

techniques not applied in the previous studies. First, we used

Cy3-fluorescent immunolabeling that gives a signal more

proportional to target concentration, as compared to the

previously used enzymatic amplification by horseradish

peroxidase. Secondly, the quantitative FACE technique

[36] was used to measure small amounts of HA in the

epidermis, without the complexities associated with uptake

of radiolabeled glucosamine precursors.

In the current study, we designed experiments to test the

hypothesis that HA is a functional participant in epidermal

growth and differentiation. To do this, we used a com-

mercially available and well-characterized enzyme, the

hyaluronidase (hyaluronan lyase) from the microbe Strep-

tomyces as a means to degrade HA. StrepH is remarkably

specific for HA, compared to other commercially available

microbial lyases. At its usual acidic pH optimum, StrepH

does not appreciably degrade other glycosaminoglycans,

including chondroitin, chondroitin 4/6 sulfate, dermatan

sulfate, keratan sulfate, heparan sulfate, and heparin

[38,39]. Some have asserted that StrepH, at the neutral pH

used in this study, might also digest chondroitin or chon-

droitin sulfate (CS). Even if true (a much less likely scenario

for the sulfated molecule compared to chondroitin itself), we

have found that chondroitin is absent and CS is seen in only

trace amounts in our model tissue as measured by FACE

(data not shown). Interestingly, Tammi et al. [28], using

radiolabeling techniques, also reported that some chondroi-

tin sulfate is made by REK cells in very small amounts

relative to the production of HA. Overall then, the observed

effects of StrepH upon keratinocyte differentiation are most

likely due to specific degradation of HA in the model

epidermis rather than to degradation of other glycosamino-

glycans. Whether the effects observed with StrepH bear any

relationship to the actions of mammalian hyaluronidases

(see Ref. [40], for review), a class of enzymes quite different

from the microbial lyases in localization (membrane-an-
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chored) and mechanism of action (hydrolases rather than

lyases), is a difficult question that will have to await the

results of ongoing studies in this emerging field.

Although intentional removal of HA from between the

keratinocytes using StrepH did not grossly disrupt epithelial

formation nor affect basal cell proliferation to any measur-

able extent, significant changes in the epidermal differenti-

ation program did occur at both the light-microscopic and

molecular levels. In cultures continuously exposed to StrepH

over a 5-day period, early markers (K10) and late markers of

differentiation (KHG, filaggrin) were significantly increased.

This finding is consistent with a concept suggested by

correlative types of data in the literature, that is, the notion

that HA inhibits cellular differentiation (see Introduction).

Judging from our data, the overall effect of HA may be to

act as a modulator (or ‘‘brake’’) to slow the progress of

keratinocyte differentiation. The fact that several groups

[21,22] in addition to ours have made the anatomic obser-

vation that HA appears to be more abundant in the upper

epidermis than in the basal layer, now appears to have some

functional relevance. That is, the greatest effect of HA

removal in our experiments is exerted within cells residing

in the upper epidermis, as reflected by the apparent de-

repression of the synthesis and/or accumulation of profilag-

grin in the granular layer. Keratin 10, a differentiation-

regulated protein expressed lower down in the spinous layer,

also seems to be affected by the removal of HA, but to a

lesser extent. Cell proliferation, occurring in the basal layer,

does not appear to be affected at all.

Inevitably, the mechanism of how HA exerts its differ-

entiation-suppressive effects is the main question for future

study. One possibility is that engagement of the long-chain

HA polymer to specific HA-receptors (such as CD44) on the

keratinocyte surface acts to trigger intercellular signals,

whose effects are to slow the expression of differentiation-

specific genes within the cell. Disengagement of full-length

HA from the CD44 receptor, because the HA has been

degraded by StrepH, might release the block upon differen-

tiation that is normally afforded by ligand-bound CD44.

Another possibility is that small oligosaccharide fragments

(oligos) of HA, generated during StrepH digestion, are

biologically active and work through interactions with either

the extracellular matrix, or the keratinocyte itself, to accel-

erate differentiation. In the matrix, small oligos might

compete with the binding of one or more specific HA-

binding proteins known to be present in the matrix of other

tissues; examples include aggrecan in cartilage [41] and

tumor necrosis factor-stimulated gene 6 (TSG6) in the

ovarian follicle [42]. At the cell surface, small oligos could

competitively displace full-length HA from its binding sites

on the CD44 receptor, a displacement that would probably

require an oligosaccharide length of at least 10 sugars, based

upon previous studies in REKs [43]. A third possibility is

that small oligos might act intracellularly. HA is known to

be actively taken up into keratinocytes, via a mechanism

involving HA-containing vesicles that pinch off from the
cell membrane and proceed through an unconventional

endosomal pathway that terminates in lysosomes [44].

These HA fragments might elicit as-yet-unknown effects

upon regulatory pathways for proliferation and differentia-

tion, but as yet almost no data are available on this topic.

Experiments to distinguish among the possibilities men-

tioned above are underway.

In this paper, we have shown that hyaluronan in the

extracellular matrix surrounding keratinocytes is clearly

important as a functional participant in the regulation of

epidermal differentiation. Now more than ever, HA should

attract renewed interest as an important regulator in epider-

mal physiology, both during normal homeostasis and during

various responses to injury (e.g., reepithelialization after

wounding).
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