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ABSTRACT

Retinoids are effective modulators of proliferation and

differentiation of epidermal keratinocytes in vivo and in vitro.

Their action in most cases appears due to an alteration in the

program of squamous differentiation in normal or diseased

epidermal cells. However the mechanism of action of retinoids on

skin is not understood at the molecular level. In mouse 10T1/2 cells,

the ability of retinoids to supprese neoplastic transformation and

enhance growth control is highly correlated with their ability to

increase gap junctional intercellular communication and expression

of connexin 43. In order to determine if these results have

relevance to retinoid action in the human, the interaction of retinoic

acid with connexin 43 gene expression in human skin and the

potential role of gap junctional communication in the control of

differentiation in human skin cells were investigated in the present

study.

In intact human skin, after two weeks treatment with topical

all-trans retinoic acid (RA), levels of Cx43 mRNA and protein

increased significantly in epidermis. Immunofluorescence
t

microscopy using an anti Cx43 antibody demonstrated that expression

occurred predominantly in the suprabasal layer of epidermis was

associated with the thickening of the epidermal layer and the

disappearance of the keratinized layer. Furthermore, enhanced Cx43
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expression has also been observed in keratinocytes grown on a

collagen matrix. Expression was located in suprabasal cells as in

intact skin. However, conventional monolayer cultured skin cells are

unable to enter a program of normal differentiation and exhibited a

differential response to retinoic acid treatment. In keratinocytes

increased expression of Cx43 occurred at low (10- 1 1M )

coricentrations whereas inhibition occurred at high (10- 7 M )

concentrations, but junctional communication, measured by dye

transfer, was not altered over this concentration range. Dermal

fibroblasts, in contrast, exhibited a dose-dependent increased

expression of Cx43 at concentrations up to 10-7M retinoic acid and'

proportionately increased their junctional communication over this

dose range. From these observations, it was suggested that

regulation of Cx43 gene expression and junctional communication by

retinoids in human skin cells is complex. In basal epidermal cells

(l.e. those grown on monolayer) Cx43 may not be the major protein

involved in intercellular communication.

Biochemical changes associated with the differentiation of

keratinocytes in the epidermis involve alterations in the pattern of

keratin gene expression. Thus keratin gene expression can be used

as a marker for determin~ng the process of keratinocyte

differentiation. The effect of retinoic acid on keratin 14 expression

was studied in 3-dimensional organotypic cultures (raft) where

differentiation is allowed. In raft cultures, retinoic acid increased

K14 expression. This change of K14 expression by retinoic acid
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could result from an increase in the number of cells expressing K14.

However, it was not shown that the effect of retinoic acid on K14

expression is correlated with Cx43 expression. These data indicate

that Cx43 may not be directly involved in the modulation of K14

expression by retinoids. Nevertheless, it may not be excluded that

Cx43 plays a role in other aspects of keratinocyte differentiation

processes.
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CHAPTER I

INTRODUCTION

1.1. Retinoids

1.1.1. Structure and metabolism

Retinoids are natural and synthetic derivatives of retinol

exhibiting vitamin A activity. Vitamin A was first characterized as

a fat-soluble factor A in milk (McCollum & Davis, 1915). Further, it

was shown that the fat soluble factor A was not only capable of

promoting growth but also capable of preventing xerophthalmia and

night blindness (Wolbach and Howe, 1925). The structure of its most

active form, all-trans retinol, was determined in 1931 (Karrer et

al.) and later synthesized by Isler et al. (1947). Subsequently,

metabolic as well as synthetic work. has made available various

derivatives of retinol called, in analogy to steroids and carotenoids,

"retinoids" (Sporn et aI., 1976). Some of them are presented in Fig.1.

Dietary sources of natural retinoids are the pro-vitamin A

carotenoids, products of plants, and the long-chain fatty acid esters

of retinol present in animal tissues. They are hydrophobic molecules

and require solubilization into mixed-micellar solution before

efficient absorption can occur (EI-Gorab and Underwood 1973).

Carotenoids are absorbed by the intestinal mucosa where they are

split to form retinal, and subsequently reduced to retinol (Goodman

et aI., 1966; Fidge et aI., 1968). Retinyl esters formed in the

1



Figure 1. Structures of selected retinoids.
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intestines are then transported via the lymphatics to the liver

(Kanai et aI., 1968; Peterson et aI., 1971), which is the main storage

site of retinyl ester in the body. Retinoid-binding protein (RBP) is

synthesized in the liver, and released into the blood complexed to

retinol. It delivers retinol to the target tissues. It is believed that

the hepatic pools serve to buffer dietary fluctuations in supply and

to "match circulating levels of RBP-retinol with rates of tissue

utilization (Underwood at al. 1979). Specific receptors for the RBP

retinol are present on the plasma membranes of the target cells

(Heller, 1975; Rask and Peterson, 1976; McGuire et aI., 1981;

Forsum et aI., 1977). The receptors recognize the RBP-retinol

complex and regulate the uptake of retinol into the tissue. After

delivery, the retinol enters the cell for subsequent metabolism and

action whereas RBP dissociates from the receptor and returns to the

circulation to be destroyed in the kidney.

When retinol enters the cell, it binds to cellular retinol

binding protein (CRSP). CRSP is most concentrated in the liver,

lungs, kidneys and testis (Blomhoff et aI., 1990) and binds retinol

with high specificity and affinity. "CRBP has been suggested to

transport retinol and allow its participation in enzyme reactions

(Wolf, 1991). In target cells', retinol can be further oxidized to

retinoic acid or retinal (Napoli and Raee, 1988). Retinoic acid, a

prominent retinoid which was first obtained synthetically (Arens

and Ban Dorp, 1946), is derived from both all trans retinal and

retinol by oxidation. In vivo, retinoic acid can not be reduced to

4



Figure 2. Metabolism of vitamin A
Reproduced from Wolf (1990)
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Figure 3. Metabolism of retinol and retinoic acid.
Reproduced from Davies et al. (1991)
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retinol and is not stored in liver. Retinoic acid has been shown to be

present in very small amounts in the blood of human and rats

(Shidoji and Hosoya, 1980). Inside the cell, retinoic acid is usually

taken up by the cellular retinoic acid binding protein (CRASP).

CRASP has been located in brain, skin, testis, and eyes, showing high

specificity and affinity to the binding of RA (Mandel and Cohn, 1980).

The presence of CRASP in these tissues indicates that these tissues

are affected by retinoic acid. The concentration of retinoic acid in

the cell may be regulated by the rate of cellular uptake of retinoids,

the rate of retinoid synthesis or degradation and the amount of

CRASP.

Therefore, the transport and metabolism of retinoids serve the

important purpose of delivering adequate supplies of biologically

active retinoids to cells that are targets of retinoid action. The

system is to be designed to stabilire fluctuations in the dietary

supply of precursor molecules and to ensure a steady level of active

retinoids available to retinoid-responsive cells (Davies et aI., 1991).

1.1.2.

Vision

Biological activities of retinoids

,
It is well known that vitamin A is involved in vision, and the

mechanism of its action at the molecular level has been well

documented (Wald, 1968). The biochemical pathway of vision

involves first conversion and oxidation of retinol into 11-cis

10



retinal, and subsequent combination of the 11-cis retinal with the

protein opsin, forming the light-sensitive pigment rhodopsin in the

outer segments of the retina. 11-cis retinol is then reduced to

retinol and recycled in the vision cycle to regenerate bleached visual

pigment. Deficiency in vitamin A results in failure of vision due to

the impairment of the regeneration pathway (Bridges, 1984).

Morphogenesis

It is also known that retinoic acid has the remarkable property

of controlling the development of limbs from limb buds in the chick

embryo: local application of retinoic acid to the limb buds causes

duplication of the limbs (Wedden et al., 1990). Thaller and Eichele

(1987) found that retinoic acid was present in chick embryo limb

buds, forming a concentration gradient across the developing limb.

Thus retinoic acid is the first morphogen discovered. In addition, an

inverse distribution gradient of the cellular retinoic acid binding

protein (CRABP) also exists in the chick limb bud (Maden et al.

1988). The morphogenic activity of retinoids probably explains the

proximodistal duplications often seen in retinoid-treated

regenerating amphibian limbs (Niazi et aL,1984, 1985; Wallace et

al., 1984). It has also been suggested that retinol and retinoic acid

control differentiation of motorneurons and neural crests in mouse

and rat embryo.

11



1 .1 .3. Effects on cell proliferation and differentiation

In normal development, there are changes that cells undergo in

making the transition from cells unspecialized in structure and/or

function to cells having a permanent and specific structure and

function. Usually several processes are involved in these changes,

such as determination, growth and differentiation.

Determination and growth are the initial processes. In these

processes, the fate of the cell is determined and the biomass of the

cell is increased before undergoing differentiation. During

differentiation, cells acquire new properties structurally or

biochemically, or may lose some preexisting structures or

biochemical processes. The gross result of growth and

differentiation of the cell is the generation of new form, shape or

function which can be influenced by environmental factors (Sheeler

and Bianchi, 1980).

Retinoids have been known to exert profound influences on

epithelial differentiation. The pioneering work by Fell and Mellanby

(1953) introduced chick embryonic skin as a model system to study

metaplasia, which is the abnormal transformation from one

differentiated tissue form to another caused by retinoids. In this

model, keratinization of epithelia is completely suppressed by

retinol or retinyl acetate, and the epithelia differentiate to mucus

secreting epithelia. Further investigations show that retinoids are

required to maintain normal differentiation and proliferation of

12



almost all cells in the mammalian organism during embryogenesis

and adult life (Sporn et aI., 1976; Moore 1967). Deficiency of retinol

in the fertile egg was shown to lead to an absence of an

extraembryonic vascular system or failure of establishing a

functional circulation, resulting in death of the embryo (Thompson

et aI., 1989). In adults, appropriate differentiation of the epithelial

tissues of some organs and tissues are retinoid dependent. These

organs and tissues include bronchi and trachea, stomach, intestine,

uterus, bladder, testis, breast, prostate and skin (Sporn and Roberts

1991). In the absence of retinoids, tracheal epithelial organ cultures

lose their normal columnar ciliate and mucus cells and develop

proliferative lesions with heavy keratinization. However addition of

retinoids can cause reversal of keratinization, reappearance of

normal cilia and mucus cells, and suppression of the excessive

proliferation of basal cells (Sporn et al. 1976, Newton et al. 1980).

These results clearly indicate that the processes of proliferation

and differentiation of epithelial cells are intimately related to each

other and influenced by retinoids. Moreover, similar effects of

retinoids have been observed in ectocervical epithelial cells

(Gorodeski et aI., 1989), and bladder epithelial cells (Huang et al.,

1991). It has become evident that retinoids regulate differentiation

and proliferation processes by exerting some fundamental control on

gene expression. The recent discovery of nuclear retinoic acid

receptors further suggests that retinoid function is via regulation of

gene transcription.
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1 .1.4. Effects of retinoids on the host defense system

The role of retinoids in disease prevention has been noted

since 1917 when MeCallum (1917) observed frequent development of

infections in vitamin A deficient rats. Later, Green and Mellanby

(1928) reported that severe infections in vitamin-A-deficient rats

was reversed by vitamin A administration. Thus they called vitamin

A an anti-infective agent. The risk of diseases such as respiratory

disease, diarrhea, and measles was shown to be increased with

vitamin A deficiency (Sommer et al., 1987; Tarwotjo et al., 1987).

In animal studies, the phagocytic activity and blood clearance of

bacteria were reported to be impaired in Vitamin A deficient rats

(Ongsakul et al., 1985). The phagocytic activity of

polymorphonuclear leukocytes was similarly affected. On the other

hand, high intake of vitamin A increased the phagocytic activity of

peritoneal macrophages and potentiated the production of

interleukin-1 in mice (Moriguchi et al., 1985). Similar effects were

observed in the cultured mouse macrophage cells (Dillehay et

al.,1988). Thus, vitamin A or vitamin A like substances such as

retinoids are involved in the host defense system by potentiating the

phagocytic activity of the phagocytes. The mechanism of such

action of vitamin A or retinoids is not yet understood. It has been

suggested that this action of retinoids on host defense may be

associated with the modulation of gene expression in macrophages

and lymphocytes (Dillehay et al., 1988; Sherr at al., 1988; Sidell et

al., 1988). Moreover, the studies of Pasatiempo et al. (1990) and
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Carman et al. (1989) suggested that deficiency of retinods could

cause the signals for activation, proliferation and differentiation of

antigen-specific Band T cells not always to be delivered or

correctly received.

1.1.5. Retinoids in chemoprevention

Retinoids are not only involved in resisting infection, but also

in preventing cancer. Since retinoids are known to exert an

inhibitory effect on the growth of many cells (Lotan and Nicolson,

1977) and are assumed to modify the differentiation of

preneoplastic cells or the immune response to neoplastic cells

(Eccles et al.,1985; Lippman et aI., 1987; Sporn et aI., 1984), they

have been considered as potent chemoprevention agents against

premalignancy. Epidemiological studies suggest that there is an

inverse relationship between cancer risk and either dietary intake or

serum vitamin A levels (Hirayama, 1985; Paganini-Hill et al., 1987;

Lippman and Meyskens, 1988). It was reported that rats fed a

vitamin A deficient diet had a higher incidence of bladder and skin

tumors than those that received physiological levels of vitamin A

(Cohen et al.,1976; Davies, 1967). Many animal models have been

studied in order to test whether retinoids can prevent the

development of tumors. Considerable evidence has demonstrated

that retinoids inhibit chemical carcinogenesis of certain cancers of

skin (Shamberger and Raymond,1971; Bollag,1975), respiratory tract

(Cone et al.,1973; Saffiotti et aL,1967; Nettesheim et al.,1976;
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Morrison et al.,1983), bladder (Moon et al.,1982; McCormick et

al.,1982) and mammary gland (Welsch et al.,1983; Zile et al.,1986 ).

Topical and oral retinoids have been used widely to manage

preneoplastic skin diseases such as actinic keratoses,

keratoacanthomas and dysplastic nevi (Lippman and Meyskens, 1988).

Retinoids have also been useful in preventing skin cancer in

xeroderma pigmentosum (Kraemer et aI., 1988). Moreover,

established cancers that are known to respond to treatment with

retinoids are mostly those of the skin such as basal cell carcinomas

(Goldberg et al., 1989), and squamous cell carcinomas of head and

neck (Hong and Doos, 1985; Lippman et aI., 1988). Daily treatment

with 13-cis retinoic acid has been shown to be effective in

preventing second primary tumors in patients treated for squamous

cell carcinomas of the head and neck (Hong et at, 1990).

In addition to the epidemiological evidence and in vivo studies,

the observations from the studies of in vitro cell culture systems

also suggests that retinoids have anticancer effects. Treatment

with retinyl acetate resulted in an inhibition of 3-MCA-induced and

radiation-induced neoplastic transformation in mouse fibroblast

1OT1 /2 cells (Merriman and Bertram, 1979) and in epithelial cells

(Mass, 1990). These results showed that retinoids only inhibit

transformation during the promotion stage, which involves the

induction of proliferation of initiated cells and facilitating an

environment for further mutational events in the preneoplastic

initiated cells. This inhibitory effect of retinoids on transformation
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was shown to be reversible. It has been proposed that the anti

promoter function of retinoids is through modulating the activity of

protein kinase C (PK-C), the receptor for the tumor promoters, the

phorbol esters. (Cope et aI., 1986; Jetten et al., 1986; Lippman and

Meyskens, 1988). Although retinoids do not inhibit phorbol ester

binding to PK-C, they inhibit PK-C activity and therefore may affect

the actions that have been linked to phorbol esters and PK-C. The

precise mechanism of these actions is still to be determined.

However, the overall evidence suggests that retinoids play an

important role in cancer prevention.

1.1.6. Mechanism of retinoid action

Since retinoids exert hormone-like effects in controlling cell

differentiation and proliferation, it was first suggested by Roberts

and Sporn that retinoic acid acts as a ligand and needs to bind and

activate a specific receptor (1984). However, the determination of

the mechanism of the action of retinoids has been confused by the

fact that there are several intercellular regulators of retinoids.

The first two factors identified are cellular retinol binding protein

(CRBP) and cellular retinoic acid binding protein (CRABP) (Chytil and

Ong, 1984). Initially, these proteins were thought to mediate the

steroid hormone-like effects of retinoids on cellular gene

expression (Chytil and Ong, 1987). They bind with retinoids after

retinoids enter the cell, and act as carriers to deliver retinoids to

the nucleus. It was suggested that the ability of binding to CRABP
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directly correlated to the biological activity of retinoids (Jetten and

Jetten, 1979). However, their absence in several retinoid

responsive cell lines (Libby and Bertram, 1982) and the activity of

synthetic retinoids that did not bind to these proteins (Jetten et aI.,

1987) indicated that these are not retinoid receptors. The recent

discovery of nuclear retinoic acid receptors (RARS) which display a

structural organization common to a superfamily of thyroid/steroid

hormone receptors (Petkovich et al., 1987; Evans, 1988; Umesono at

al., 1988; Glass et al., 1989), further suggests that CRBP and CRABP

play a role in storage or transport of retinoids rather than in

mediating the steroid hormone-like effects of retinoids. CRABP

probably controls the effective concentration of retinoic acid in the

cell, therefore affects indirectly the binding of retinoic acid to

RARs and subsequent gene expression (Wolf, 1991). In addition, the

work of Smith et al. (1991) indicated that a RA induction of CRABP

gene expression mediated by RAR may correspond to a feedback

mechanism important in regulating. retinoid metabolism and action.

Steroid hormones represent a family of structurally related

molecules that exert their biological effects by controlling patterns

of gene expression. One of the characteristic properties of steroid

hormones is that they have specific DNA binding proteins. When

combined with their target hormone, the specific binding protein has

the ability to bind to specific regulatory sequences on DNA, called

response elements (RE) that mediate the effects of hormone, and

enhance or retard transcription of specific mRNA and thus alter the
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synthesis of the corresponding protein (Wahli and Martinez, 1991).

These steroid hormone specific binding proteins share a common

ligand binding region, a cysteine-rich DNA binding region. The DNA

binding region forms two zinc-stabilized DNA-binding fingers which

bind to DNA.

Three different RARs have been described in human and murine

tissues: alpha, beta, and gamma (Petkovich et at, 1987; Brand et at,

1988; Krust et aI., 1989). All of the RAR subtypes are expressed in a

distinct pattern during embryonic development and in the adult life

in animals, indicating that they have different functions

(Giguere,1987; Rees at al.,1989; Benbrood et al.,1988; Rees and

Redfern,1989; Zelent at al.,1989; Hashimoto et al.,1990; Hudson et

al.,1990; Kim and Griswold,1990; Tomic et al.,1990; De Luca, 1991).

Furthermore the three RAR subtypes have been demonstrated to

exhibit differential ligand activation specificities (Lehmann et aI.,

1991) and antagonism between RAR subtypes (Husmann et aI., 1991).

It is suggested that the antagonism of RARs may involve competition

for the response element as well as interaction with other

receptors. This may be part of the regulatory system contributing to

the characteristic tissue distribution of the various RARs. RARa is

found to be expressed in most tissues, while RARJ3 mRNA levels are

higher in kidney, liver, heart and lungs (De The et al.,1989; Reeds et

at., 1989). RARy is found almost exclusively in the skin (Kreust et

aI., 1989; Zelent et aI., 1989; Elder et at,1991). Studies utilizing an
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Figure 4. Schematic diagram of the genomic action of retinoic acid.
Reproduced from Wolf (1990)
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in situ hybridization technique demonstrates that mRNAs of RARa

are dominant in the suprabasal layer of the human skin epidermis

where the cells undergo terminal differentiation. Whereas there is

only a slight expression of RARs in the stem cells (Noji et aI., 1989).

Growth hormone and laminin were first reported to be target

proteins responsive to the RA-RAR complex. The binding of this RA

RAR complex to the target genes results in enhanced transcription

and subsequent synthesis of growth hormone and laminin (Bedo et

aI., 1989; Vasios et al., 1989). Moreover, RARf3 itself has been found

to be a target because the expression of RAR13 was increased by

retinoids (De The et al.,1989). In fact, a retinoic acid response

element was identified in the RAR13 gene (De The et al., 1990). In

human skin, RARy has been suggested to be a molecular target of RA

action in keratinocytes (Elder et aI.,1991). In addition, a RAR

response element was discovered in the mouse cellular retinol

binding protein (mCRBP1) promoter. It has been indicated that the

control of CRBP gene transcription by RA-RAR complexes may be

related to a feedback mechanism important in regulating retinoid

metabolism and action (Smith et al., 1991).

Recently, another family of nuclear receptors, called RXRs has

been characterized (Mangelsdorf et al., 1990; Rowe et aI., 1991).

They are substantially different from RARs in primary structure

«27% identity in ligand binding domain) and ligand specificity since

these receptors are preferetially actiivated by 9-cis RA (Levin et

22



aI., 1992). This suggested that there may be an additional pathway

by which retinoids may exert their effects. The regulation of RA

could be conferred through a RXR response element, and activation of

RXR can be down regulated by RAR (Mangelsdorf et aI., 1991). These

indicate that the regulation of a single gene by RA may be either

positive or negative depending on the type of receptors as well as

RA concentration. However, the significance of such dual regulation

is unclear. From the observation of Yu et al. (1991), it is suggested

that RXRs may be cellular coregulators and serve to selectively

target the high affinity binding of retinoic acid, thyroid hormone,

and vitamin D receptors to their cognate DNA response elements.

The discovery of additional families of retinoid receptors further

increases the evidence for pleiotropic effects of retinoids on gene

expression.

1.2. Human skin

1.2.1. Structure and differentiation process of human

skin

The skin is the largest organ system of the body. The principal

functions of the skin are: (i) providing a protective barrier between

the individual and the environment; (ii) preventing entry of

microorganisms; (iii) blocking UV radiation and (iv) preventing

water loss. So, the skin is essential for survival (Eckert,1989).

There are two major tissue layers constituting human skin. The

outer layer is a thin stratified epithelium, the epidermis, which

varies relatively little in the thickness over most of the body (75 to
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Figure 5. Normal human skin epidermis.
Reproduced from MacKie, (Clinical Dermatology, 1991)
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150 mm). Underlying the epidermis is a dense fibroelastic

keratinocyte, so named because of the fibrous proteins, keratins,

which constitute the end product of epidermal differentiation. The

normal structure of the epidermis is the result of keratinocyte

growth and differentiation; highly regulated processes during skin

development. In epidermis, the dividing stem cells give rise to

progeny cells which migrate upward in the epidermal layer until

they die and are lost from the surface. The four morphologically and

biochemically distinguishable layers of the epidermis (basal,

spinous, granular and cornified layers) correspond to successive

stages of the growth and death of these programmed stem cells

(Giudice and Fuchs,1990). The cytohistological characteristics of

the four layers of the epidermis are reviewed as follows.

The basal layer consists of actively dividing cells which are

firmly anchored to the underlying stroma via a plasma membrane

associated organelle, the basal lamina. This zone of attachment

between the dermis and epidermis is commonly referred to as the

epidermal-dermal junction (Briggaman and Wheeler, 1975). The

dermal-epidermal association is necessary for the maintenance of

the normal structure and function of basal cells. The major proteins

produced by the basal layer are keratins K5 and K14, which compose

a dense cytoplasmic network of intermediate filaments in these

cells (Fuchs and Green 1980; Nelson and Sun 1982).
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Figure 6. Morphological and structure changes
during keratinocyte differentiation.
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The dividing basal cells move outward and are polyhedral in

shape in the stratum spinosum. This stratum is consisted of several

layers of spinous cells. The composition of intermediate filaments

of the spinous cells changes with the induced synthesis of keratins

K1, K2 K10 and K11 (Fuchs and Green 1980; Sun et al, 1983). As

cells move outward through the spinous layer, there is an increase in

the density of keratin filaments and in filament bundling.

Above the spinous layer, is the granular layer. Cells in this

layer contain the keratohyalin granules that contain profilaggrin.

Profilaggrin is the precursor of filaggrin, which is thought to aid in

aggregation of the keratin filaments (Dale et al. 1985; Rothnagel et

al. 1987).

The cornified cell layer represents the terminal point in

keratinocyte differentiation. The overlying end product of

keratinized lamellae of anucleate and thin flat cells constitute the

stratum corneum. The terminal corneocyte is uniquely adapted to

providing a protective surface which keeps microorganisms out and

essential bodily fluids in.

1.2.2. Molecular control of the epidermal growth and

differentiation

In normal skin, a balance exists between proliferation and

differentiation. This equilibrium is maintained by positive and

negative growth and differentiation regulators. Several modulators
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involved in regulating epidermal proliferation and differentiation

have been identified. These include various growth factors,

cytokin, calcium and retinoids (Jetten 1990). Stimulators of

keratinocyte growth are EGF ( Rheinwald, 1980), TGFa (Coffey et aI.,

1987; Barrandon and Green, 1987), keratinocyte growth factor (Finch

et al., 1989) and cytokin (Grossman at aI., 1987; Ansel et aI., 1988;

Kupp et al., 1989). These factors appear to increase the fraction of

dividing cells within keratinocyte colonies and produce minimal

changes in cell differentiation. Retinoids also have been considered

to have positive effects on epidermal cells growth by promoting the

retention of basal cells in an undifferentiated stage (Eckert, 1988;

Choi and Fuchs, 1990)

The negative growth regulators, such as calcium and TGFb,

have been studied extensively in their roles in keratinocyte

differentiation. At high concentrations of calcium, keratinocytes

stop dividing and differentiate (Roop et al., 1987; Yuspa et aI.,

1989). Calcium has pleiotropic effects and a distinct positive

influence on many aspects of terminal differentiation (Fuchs 1990).

Whereas, the effects of TGFb at various stages of epidermal

differentiation seem to be variable (Choi and Fuchs 1990). There are

numerous examples showing that TGFb acts as either a proliferative

or anti-proliferative agent. TGFb can stimulate or arrest cell

differentiation, depending on the context of its action (Sporn and

Roberts 1991). In most cases, TGFb seems to accentuate abnormal

and inhibit normal differentiation (Choi and Fuchs 1990).
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1.2.3. Role of retinoids in epidermal differentiation

Retinoids have been shown to be very effective modulators of

proliferation and differentiation of epidermal keratinocytes in vivo

and in vitro (Fuchs 1990). Perhaps the most profound effects of any

agent on the epidermis are produced by retinoids. The first

indication that retinoids may play a role in the control of epithelial

differentiation came from observations of cases of vitamin A

deficiency in humans. In an early stage of vitamin A deficiency, the

patients present with cutaneous lesions characterized by

hyperkeratosis. Histologically. there is a transformation of

columnar and transitional epithelia into keratinized stratified

squamous epithelia (Bloch 1921; Mori 1922; Wolbach and Howe

1925). The lesions are fully reversible, as administration of

vitamin A promots replacement of the normal epithelium (Frazier

and Hu 1931; Wolbach and How 1933). Since then, retinoids have

been successively used in the treatment of various cutaneous

diseases with hyperkeratinization (Clause 1939; Stuttgen 1962;

Gunther and Morley 1974; 8allag and Hank 1977; Peck 1980). In

addition, oral retinoid therapy has been applied in nevoid basal cell

carcinoma and squamous cell carcinoma. Studies have shown that 85

% to 75 % complete regression of basal cell carcinoma is achieved

(Cristofolini et aI., 1984; Hodack et al.,1987). Furthermore, daily

oral administration of high doses of retinoid is reported to be

effective in preventing second new primary cancer occurrences

(Kraemer et aI., 1988; Hong et al., 1990).
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Recently retinoid treatment has caused a good deal of public

attention owing to its purported antiaging effects (Kligman et

al.,1986). In photodamaged skin, the changes caused by chronic sun

exposure have been observed to undergo a substantial degree of

repair after retinoid treatment. Studies in hairless albino mice

indicat that topically applied retinoids accelerat the repair of DNA

damaged by UV in a dose dependent fashion (Kligman et al.,1984;

Bryce et al.,1988). Human studies also demonstrated that topical

retinoid therapy particularly reverses clinical and histological signs

of photodamage such as surface' texture, fine and coarse wrinkling,

mottled hyperpigmentation and laxity (Kligman et al.,1986; Leyden

et al.,1989; Lever et al., 1990; Bhawan et al.,1991). The mechanism

of retinoid action is as yet unknown. The observed structural

changes upon retinoid treatment, such as thickening of the epidermis

and stratum granulosum, stratum corneum compaction and reduction

in epidermal pigment, suggest that retinoids may specifically alter

the epidermal program of growth and differentiation and increase

the synthesis of collagen in dermis (Bhawan et al.,1991).

Early experiments involving the use of cultured cells to study

retinoid-mediated regulation of keratinocyte differentiation

demonstrated that removal of vitamin A from the medium of

cultured human keratinocytes resulted in the induction of terminal

differentiation. Conversely, the keratinization of epidermal cells

was inhibited with excess vitamin A (Fuchs and Green 1981). Since

then, in vitro culture systems have been used extensively to
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characterize the morphological and biochemical changes associated

with retinoid regulation of keratinization. Retinoids have been show

to promote the retention of an undifferentiated morphology, le, the

cells do not stratify or form envelopes. It is believed that retlnolds

specifically inhibit the expression of the squamous-differentiated

phenotype characterized by keratin expression (Fuchs and Green,

1981; Kopan and Fuchs,1989), cornified envelope production (Yuspa

and Harris, 1974), filaggrin expression (Fleckman et al.,1985) and

transglutaminase expression (Floyd and Jetten 1989). Furthermore,

retinoic acid was found to inhibit the growth of undifferentiated,

rapidly proliferating keratinocytes but stimulate growth of slowly

proliferating keratinocytes (Varani et aI., 1989; 1991). In cultured

keratinocytes, retinoic acid also improves epidermal morphogenesis

by restoring the normal architecture and inhibiting hyperkeratosis

(Asselineau et aI., 1989). Many of these effects presumably result

from modulation of the transcriptional process of genes (Kopan et

aI., 1987; Kopan and Fuchs, 1989; Agarwal et aI., 1990; Blumenberg

et aI., 1990; Stellmach et aI., 1991). In addition, some of these

genes may themselves be transcription factors that subsequently

control expression of one or more genes (indirect regulation)

resulting in a cascade effect (Luscher et aI., 1989; LaRosa and

Gudas, 1988). The existence of both direct and indirect retinoic acid

effects on gene expression result in the general effects observed;

increased proliferation and suppressed differentiation of
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keratinocytes, alterations in the patterns of keratinization and

cornification (Galvin et al., 1989; Fuchs, 1990).

1.3. Gap junctional communication

1.3.1. Cell-to-cell communication

, Cells in a multicellular organism need to communicate with

one another in order to regulate their development and organization

into tissues, to control their growth and division, and to coordinate

their functions. The growth and behavior of individual cells depend,

on other neighboring cells (Pitts and Finbow,1986). Two main forms

of intercellular communication are recognized. Long-range

communication can occur through secretion of molecules that signal

to cells some distance away. In endocrine signaling, specialized

endocrine cells secrete hormones, which travel through the

bloodstream to influence target cells that are distributed widely

throughout the body. In paracrine signaling, cells secrete local

chemical mediators, which are so rapidly taken up and destroyed

that the mediators act only on cells in the immediate environment.

The target cell responds to a particular extracellular signal by

specific proteins, called receptors, that bind the signaling molecule

and initiate the response. The second form of communication is

more localized: molecules do not enter the extracellular

environment, but pass directly from the cytoplasm of one cell to its

neighbor via the membrane-associated protein structure, the gap

junction (Loewenstein, 1979; 1981). It is widespread, being found in

34



large numbers in most tissues and in all animal species. Gap

junctions mediate communication between cells by allowing

inorganic ions and other small water-soluble molecules to pass from

one cell to other, thereby coupling the cells both electrically and

metabolically. The biological role of gap junctions has been

postulated to be closely linked to the regulation of cell growth, to

the' differentiation of cells, and to the synchronization of activities

of cells (Loewenstein, 1981; Pitts and Finbow, 1986; Meda et al.,

1988; Schultz, 1985). For example, blockage of gap junctions with

specific antibodies perturbs the ~ head inhibition gradient in hydra

(Fraser et al., 1987), and microinjunction of antibodies into early

Xenopus embryos causes specific developmental defects (Warner et

al., 1984). In mouse C3H/10T1I2 cells, it was shown that the growth

control is highly correlated with gap junctional communication

(Mehta et al., 1986; Hossain et aI., 1989; Rogers et al., 1991). Thus

this evidence clearly suggests that gap junctions are involved in

these fundamental biological functions of differentiated

multicellular organisms.

1.3.2. Gap junction and gap junctional proteins

Gap junctions are membrane specializations, which permit the
I

exchange of small metabolites and ions between neighboring cells.

Gap junctions are so called because they generally appear as close

linear appositions of adjacent cell plasma membranes separated by a

gap of 2-3 nm in which repeating junctional units traverse the gap
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Figure 7. Schemtic diagram of gap junction.
Reproduced from Klaunig and Ruch (1990)
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(Loewenstein, 1981, Lawrene et al. 1978; Saez et aI., 1989). Gap

junctions in different tissues all share a basic structural similarity:

they are plasma membrane structures formed at the area of contact

between two cells. As viewed with electron microscopy, gap

junctions consist of clusters of particles embedded in the plasma

membrane. X-ray diffraction shows that the particles are in register

on the two membranes; they are exactly paired (Caspar et al. 1977).

The unit constituted by a particle pair has been termed connexon.

Within these paired connexons, a hollow aqueous channel of 1.5-2 nm

in diameter links the cytoplasms of adjacent cells. The pathway

exhibits high flux rates for hydrophilic molecules (Kanno and

Loewenstein, 1966). It is evident that the cell-to-cell channels

mediate the direct intercellular flow of small molecules. The pore

size of the gap junction is such that it excludes molecules larger

than approximately 1000 daltons (Simpson et al. 1977). Thus, ions,

nutrients, and many metabolites are capable of passing between

cells through gap junction (Loewenstein, 1981) (Fig.7).

The biochemical composition of gap junctions has been

characterized. Six subunit proteins called connexins form gap

junction semichannels (hemiconnexons) in each plasma membrane,

these dock with hemlccnnexons from adjacent cells to form

complete channels (Casper et al.,1977; Unwin and Zampighi,1980).

The six monomers are aligned with the axis tilted slightly in the

membrane and enclose a central hole. It has been suggested that
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Figure 8. Diagram illustrating the relationship between
(a) the gap junction, (b) the connexon , and (c) the subunit.

Reproduced from Unwin (1987)
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such conduits may be closed under certain circumstances by

twisting six subunits (Zampighi and Unwin, 1979).

Gap junctional proteins, connexlns, are a family of proteins

that share similar features. Several cDNAs coding for connexins

have been isolated. In rats, a number of cDNAs responsible for

connextns have been described and designated as Cx26, Cx31, Cx32,

Cx37, Cx40, Cx43, Cx45 and Cx47, based on their predicted

molecular weights (Paul, 1986; Kumar and Gilula, 1986; Beyer et al.,

1987; Willecke and Traub, 1989; Zhang and Nicholson, 1989; Willecke.
et al., 1991; Haefliger et al., 1992). These connexins have both

conserved and variable sequences. With the use of antibodies

directed against distinct peptides of the connexin amino acid

sequence, a connexin membrane topological model has been proposed

in which the C-terminal and the N-terminal tails of the connexin

amino acid chain are facing the cytoplasm and the protein is folded

into the membrane twice to form a M shape with two extracellular

regions and three cytoplasmic regions (Goodman et al., 1988; Milks

et al., 1988; Willecke and Traub, 1990) (Fig. 9). The conserved

sequences correspond to the putative membrane spanning and

extracellular regions of the connexins, whereas the cytoplasmic

regions are variable among the different connexins (Willecke et al.,

1991a). These structural features may indicate that the highly

conserved extracellular loops may be necessary for recognition and

docking to the same region of their counterparts, and the putative
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Figure 9. Proposed topographical model of connexins.
Reproduced from Willecke and Traub (1990)
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intracellular loops may confer the distinct characteristics of the

different connexin proteins.

Connexln 32 was the first purified junctional protein isolated

from liver junctional plaques (Hertzberg and Gilula, 1979; Hertzberg,

1984), and its role in intercellular communication has been

demonstrated ( Hertzberg et al., 1985). In the first model proposed,

Cx32 was believed to be a major junctional protein in most tissues

(Makowski, 1985). However there has been a growing realization

that gap junctions from different tissues may differ in their protein.
components. Even within a single cell, more than one kind of protein

may be involved in formation of junctions (Nicholson et aI., 1987;

Revel et al., 1986, 1987). In heart, a 28 Kd protein was isolated

from gap junction (Gros et al., 1983; Manjunath et al., 1984), but has

a true molecular mass of 43 Kd as determined by cDNA sequence

(Beyer et al., 1987). Connexin 43 and connexin 32 are related to each

other at the level of 58% homology and are suggested to belong to

the same gene family (Kistler et al., 1988; Beyer et al., 1990).

Moreover the proposed secondary structure of Cx43 is quiet similar

to that of Cx32 but Cx43 has a longer cytoplasmic domain (Yancey,

1989). It has been suggested that this cytoplasmic domain may

regulate junctional permeability. and is an important determinant of

the unitary conductance event of gap junction channels (Yancey et

al., 1988; Fishman et aI., 1991). It is likely that coexpression of

two or more connexins occurs in most if not all cell types (Willecke

et al., 1991a). For example, Cx26 is coexpressed with Cx32 in
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several tissues (Zhang and Nicholson, 1989) but in addition it is also

coexpressed with Cx43 without Cx32 (for example in leptomeningal

cells (Dermietzel et al., 1989). Therefore, gap junctional proteins

may differ in their structure as well as the level of expression from

tissue to tissue.

The expression pattern of the connexins has been studied at

both transcript and protein levels. All connexins identified to date

have their unique distribution. Each cell type may also have its own

characteristic pattern. In skin, CX26, Cx31, and Cx43 have been

observed (Beyer et al.,1989; Hoh et aI., 1991). As skin is a complex

tissue with many cell types, the exact localization of the different

connexin molecules is yet to be determined. In the intact human

skin, Salomon et al. (1988) demonstrated that gap junctional

communication took place in normal fully differentiated tissue and

the most extensive communication was in suprabasal cells. Cx43

has been demonstrated to be a major gap junction protein in skin

(Jonen et aL,1991; Guo et al., 1992) and to have an ancestral role for

mammalian connexins. Cx 32 and Cx 26 may derive from Cx 43 via

deletion and/or other genetic alteration (Willecke, 1990; Beyer et

al., 1989; Fishman et al., 1991).

,
1.3.3. Functions of gap junctions

The principal function of the gap junction is to provide

exchange of certain molecules, participating in a number of

important cellular functions: (i) maintaining cellular homeostasis
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through the exchange of ions, metabolites and water (Loewenstein,

1979; Pitts and Finbow, 1986). It has been observed that in ouabain

treated cell cultures, the low intracellular K+ concentrations are

raised when the cells are in contact with ouabain-insensitive

mutant cells (with high K+) (Ledbetter and Lubin, 1979): (ii)

conducting the action potentials in electrically active cells such as

cardiocytes and smooth muscle cells (Bennett et al.,1970; Hepner

and Plonsey,1970); (iii) coordinating tissue responses to hormones

through the exchange of second message ions or molecules between

hormone-stimulated cells (Loewenstein, 1981); (iv) mediating

intercellular communication during embryogenesis for defining

embryonic compartments and providing an intercellular pathway for

embryonic morphogens (Bryant and Fraser,1988; Dermietzel,1986;

Fraser et al.,1987, 1988; Allen et al.,1990 ).

Gap junctions may also serve as important components in

regulating cellular growth. The involvement of gap junctions in

regulating cell growth was initially proposed by Loewenstein

(1979). In this model, signal substances are produced periodically

within cells and pass into adjacent cells through gap junctions.

These signals, possibly cyclic nucleotides or ions, would stimulate

cell division if they reach a sufficient and sustained concentration

in the signal-producing cell. When the level of these chemical

signals is maintained in reduced concentration by intercellular

communication, cell division would not occur in the signal-producing

cell. If the intercellular communication is inhibited, the signal-
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producing cell would be stimulated to divide by an excess level of

its own signals. So far, evidence from a number of studies has

confirmed the regulatory role of gap junctional communication in

cell growth. Many cancer cells have been found to have a decreased

capacity for intercellular communication as well as a decreased

number of gap junctions (Yamasaki,1990). The loss of intercellular

communication has been correlated with the degree of malignancy of

neoplasms (Friedman,1982; Nicolson et aL,1988). Moreover, Flagg

Newton et al. (1981) demonstrated that cultured tumor cells treated

with growth-reducing agents showed reappearance of gap junctions

and intercellular communication. In addition, the growth of cultured

tumor cells is inhibited when the tumor cells are in contact with

normal cells and form gap junctions with the normal 10T1/2 cells

(Mehta et aL,1986). The greatest inhibition of growth in the

transformed cells occurs when intercellular communication with the

normal cells is the greatest. Also in the 10T1/2 cell system, it has

been shown that the inhibition of carcinogen-induced transformation

by retinoids is highly correlated with gap junctional intercellular

communication and the level of connexin 43 in the cell (Hossain et

al., 1989; Rogers et aI., 1990). It has been suggested that junctional

transfer of signal molecules results in the suppression of neoplastic
,

transformation of carcinogen-initiated cells that occupy a position

intermediate between normal and malignant in the carcinogenic

process. Since retinoids upregulate junctional communication in

both cell types, in the mixtures of normal and initiated cells,
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retinoid treatment would place these initiated cells within an

expanded network of communicating cells. The increased junctional

communication could lead normal cells to reversibly to suppress the

conversion from carcinogen-initiated cells to fully neoplastic cells'

(Mehta et al., 1986; Hossain et al., 1989).

~ In addition, evidence has shown that gap junction function is

necessary for regulation of cell differentiation. Studies by

Madhukar et al. (1989) showed that TGF-b blocked gap junctional

communication in cultured human epidermal keratinocytes and.
induced terminal differentiation of the cells. These results

suggested that the disruption of cellular communication possibly

leads to the isolation of the differentiation-committed cells from

yet undifferentiated cells. Recently, based on their observations,

Jonen et at. (1991) proposed that the effects of calcium, a well

known regulator, on the mouse keratinocyte differentiation were via

regulation of gap junctional communication. However, precisely how

gap junctions function to modulate these processes is difficult to

define at the present time. They have been implicated in the

exchange of second messenger molecules and may well exert

controlling effects in this fashion (Rozengurt 1986). It has been

speculated that there is a balance of positive and negative signals to

regulate stem, progenitor and differentiated cells (Trosko et aI.,

1990). For instance, the lack of production of negative signal or

suppressor, or inability of the stem cell to receive or respond to the

suppressor would lead to the potential proliferation of the stem cell
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into a daughter cell destined to differentiate. On the other hand,

once a critical mass of differentiated cells is reached, the

suppressor concentration can inhibit the further production of stem

cells.

1.3.4. The regulation of gap Junctional communication

, The half-life of mouse liver gap junctional proteins has been

estimated to be 4-6 hours (Fallon and Goodenough, 1981; Traub et

aI., 1987), indicating that these are high turnover proteins.

Therefore, the intercellular communication may be rapidly

modulated by treatments that affect gap junction gene expression or

protein synthesis/degradation (Klaunig and Ruch,1990). In fact,

there is more than one mechanism which can affect gap junction

functions. Intercellular communication has been shown to be

modified by a wide range of growth factors, hormones, genetic or

developmental factors, oncogenes and exogenous chemicals (Trosko

et aI., 1991).

Intercellular increases in H+ or Ca++ ions have been implicated

in regulating gap junction channel permeability (Turin and Warner,

1977; Rose and Rick, 1978; Peracchia and Peracchia, 1980; Spray et

aI., 1984; 1985). Increased concentrations of H+ or Ca++ could

result in the loss of gap junctional communication. The effects of

Ca++ on gap junction may be mediated by calmodulin. The Ca++

calmodulin complex may inhibit gap junctional communication by

stearically hindering channel permeability (Peracchia and
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Bernardini, 1984). Moreover, high Ca++ and H+ could change the

intercellular pH. It has been demonstrated in rat hepatocytes that

intercellular communication decreases rapidly when the cell pH

drops from 7.3 to a pH below 6.6 (Spray et al., 1986)

In mouse 10T1/2 cells, retinoids and carotenoids have been

found to up-regulate gap junction communication by increasing the

connexin 43 gene expression (Bertram, 1990; Rogers et al., 1990;

Zhang et al., 1991). The causal linkage between increased cellular

levels of Cx43 and increased junctional communication is supported

by the following two facts: (1) increases in Cx43 protein

immediately precedes retinoid-induced increases in communication

(dye transfer); (2) retinoid-induced Cx43 becomes associated with

plaques in regions of cell-cell contact. The increase in connexin 43

mRNA could be due to transcription activation. It has been

demonstrated that pretreatment with the protein-synthesis

inhibitor, cycloheximide, did not decrease cx43 mRNA induction by

retinoids (Hossain, 1991). The failure of cycloheximide to block

cx43 mRNA induction indicated that prior activation of other genes

is not required for retinoid action on Cx43 gene expression. In

addition, retinoids also stimulated the phosphorylation of Cx43

protein (Rogers et al., 1990).' However, the significance of the

phosphorylation of connexin 43 is unclear. Several studies have

shown that treatment of the cells with agents that elevate cyclic

AMP levels enhance intercellular communication (Flagg et al., 1981;

Estape and DeMello, 1983; Enomoto et al., 1984; Veld et at., 1985;
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DeMaziere and Scheuermann, 1985; Mehta et al., 1986). This effect

was attributed to phosphorylation of the gap junction protein by

cyclic AMP-dependent protein kinase, (Wiener and Loewenstein,

1983; Saez et al., 1986; 1990). It was also suggested that one

possible mode of regulating gap junctional communication is a

coupled phosphorylation/dephosphorylation system.

Nevertheless, gap junctional communication has also been

shown to be decreased following exposure to tumor promoters

(Enomoto et al., 1985; Hossain et al., 1989; Wade et al., 1986;.
Fitzerald et al., 1983 ), oncogenes (Azarnia at al.,1988; Bignami et

al., 1988; Vanhamme et al.,1989) and growth factors (Hamel et

al.,1988; Madhukar et al.,1989). The molecular mechanism of such an

effect is not clear. Protein kinase C may be involved in these

events. The demonstration that TPA, a powerful inhibitor of gap

junction function, appears to mediate its effects through the

activation of protein kinase C suggests that one of the protein

phosphorylated by the Ca++ dependent protein kinase may be the gap

junction protein or its regulatory protein (Takeda et aI., 1987;

Azarnia et al., 1988; Hasler et al., 1991). Moreover, the studies of

Swenson et al. (1990) indicat that the inhibition of Cx43 mediated

gap junctional communication by pp60 v-src requires tyrosine

phosphorylation of Cx43 protein. In addition, kinetics of inhibition

of gap junction function and its recovery suggest that several

alcohols (Meda et al., 1986) and glycyrrhetinic acid (Davidson et al.,

1986) might be modulating gap junctions by yet another mechanism.
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1.4. Aims of the study

The principal purpose of my dissertation research is to

elucidate the molecular mechanism of the regulatory action of

retinoids on the differentiation process of human epidermal

keratinocytes. Retinoids have been shown to exert effects on

epidermal cell growth and differentiation. It has been suggested

that retinoids may act at multiple levels, either by themselves, as

modulators of protein phosphorylation, or through their receptors.

However, there are still many missing pieces to the puzzle of how

retinoids regulate cell growth and differentiation. In the mouse

10T1/2 cell model system, the ability of retinoids to suppress

neoplastic transformation and enhance growth control was observed

to be highly correlated with their ability to up-regulate gap

junctional intercellular communication. Gap junctional

communication has been considered to play an important role in

controlling cell proliferation and differentiation (Loewenstein,

1987). Therefore, the effects of retinoids on keratinocytes may be

closely correlated with the gap junctional communication. In my

study, I wanted to test this possibility by both in vivo clinical

studies in human skin and studies in an in vitro cell culture system.

This research project was conducted to answer a number of

questions, as follows:

(1) Experiments have demonstrated that retinoids enhance the

expression of Cx43 in 10T1/2 cells. Is Cx43 a major gap junction
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protein expressed in human skin keratinocytes, and if so do retinoids

have the same effects on Cx43 expression in human keratinocytes as

seen in 10T1/2 cells?

(2) If gap junctional communication is involved in the regulation of

cell differentiation in keratinocytes, is there any direct correlation

between increasing gap junctional communication and

differentiation of keratinocytes? In other words, is the expression

of Cx43 related to the expression of keratins?

(3) The skin is composed of 'epidermis and dermis. Is Cx43

expressed in dermal fibroblasts as well as in epidermal

keratinocytes and if so, what is the response of dermal fibroblasts

to retinoids?

(4) It has been described that retinoic acid receptors are expressed

in human skin epidermis. If gap junctional communication is

directly up-regulated by retinoic acid, is the expression of Cx43 and

RARs correlated? This correlation between Cx43 and RARs in human

skin epidermis would provide some understanding of mechanism of

retinoid action on keratinocytes.

(5) Improved culture conditions have been created to allow the,
growth of keratinocytes on collagen gels to form a system which

closely mimics the differentiation of keratinocytes in vivo. Can the

effects of retinoids on gap junctional communication exhibited in

vivo be demonstrated in keratinocytes in this in vitro system.
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CHAPTER II

METHODS

2.1. Clinical studies

Patients scheduled for elective plastic surgery were recruited

into the study. They were asked to apply 0.05 % retinoic acid cream

(Retin-A) daily to an area of skin scheduled for removal 2 weeks

later, and an equal quantity of placebo cream to a contralateral

portion of skin (breast or abdomen). Retin-A and placebo were

kindly supplied by Johnson & Johnson. Patients gave their informed

consent for this treatment. Consent forms and treatment protocols

were reviewed and approved by the human subjects committee of the

University of Hawaii.

Excised skin was rapidly placed in a chilled sterile container

and transported to the Cancer Center for processing.

2.2. Cell culture

2.2.1. Primary culture of human keratinocytes

In the past decade, the technique of culture human

keratinocytes has been developed and improved by many
•

investigators (Giudice and Fuchs, 1990). For this study,

keratinocytes isolated from newborn foreskin is used, based on a

modified method by Wille et al. (1984). The foreskin was obtained

after routine neonatal circumcision and cut into 5-mm pieces, and
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was incubated in 25 units/ml dispase solution (Collaborative)

overnight at 4 0C. Epidermal sheets can then be separated from

dermis, and followed by digestion in a 0.25 % trypsin-EDTA solution

(Gibeo) at 37 0 C for 30 min. After stopping· the digestion with

trypsin inhibitor (10 mg/ml, Gibeo), the epidermal cells were

suspended in serum free keratinocyte medium (Gibco) supplemented

with epidermal growth factor (5 ng/ml), insulin (5 mg/ml) and

bovine pituitary extract (35 mg/ml), and seeded onto plastic culture

dishes. The keratinocytes were incubated at 37 0C in 5% C02 in air

and fluid changed with fresh complete medium every 72 hours until

cell reach to 80% confluence. In this investigation, second-passage

cells were used. For the studies of cultured keratinocytes, cells

were grown to confluence before retinoic acid treatment.

2.2.2 Dermal fibroblasts

Foreskins were chopped finely with scalpels and the small

fragments were distributed in a series of culture dishes and

cultured with DMEM medium supplemented with 10% fetal calf serum

and 25 mg/ml gentamicin. After about 10 days, when fibroblast

outgrowth was extensive, the fragments were removed, and regions

showing a regular fibroblastic morphology removed by ring-cloning.

The dermal fibroblast strains were cultured in the above medium,

and cryopreserved at passage 2 for future use. Experiments were

performed on confluent cultures between passages 3 and 6.
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Figure 10. Schematic diagram of keratinocytes

grown on raft collagen matrix.
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2.2.3. Collagen gel model for keratinocyte culture

Epidermal keratinocytes in culture system have been used as in

vitro model for studying the regulation of epidermal differentiation

of the molecular and biochemical level. These cells remain many but

not all of the characteristics of the tissue from which they are

derived (Jetten, 1990). Improved culture conditions, such as growth

on collagen gel matrices, addition of dermal fibroblasts and

exposure to air, have been employed in an vitro system which closely

mimics the differentiation of keratinocytes in vivo (Fuchs,1990)..
Several methods utilizing collagen gels have been descrlbeo in

preparing this culture system (Asselineau et aI., 1985; 1986; Guo

and Grinnel, 1989; Kopan et at., 1887; Kopan and Fuchs, 1989; Boyce

and Hansbrough, 1988; Regnier and Darmon., 1989; Tinois et aI.,

1991; Valyi-Nagy at aI., 1990). A modified method of Mendelsohn et

al. (1990) has been chosen in this study for the reasons of its

simplicity and consistency. Collagen gels were prepared by mixing

200 ml 10 X Ham's F12 medium, 1.64 ml type 1 collagen (Vitrogen

100, Collagen Corporation, Palo Alto, CA), 160 ml 0.1 N NaOH and 4 x

104 3T3 cells. Aliquots (2ml) of the mixture were pipetted into

Millicell-CM 30 mM inserts (Millipore, Bedford, MA), placed in 35

mM tissue dishes, incubated at 37 0C for 1 h, and fed with 2 ml

DMEM: F12 (3:1) medium within and outside each insert. The inserts

were cultured at 37 0C for 24 to 48 h before use.
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To culture human keratinocytes, the keratinocytes from

primary cultures were trypsinized and suspended in keratinocyte

growth medium (KGM). Collagen-fibroblast gels were first washed

with PBS and seeded with 5 to 8 x 104 keratinocytes in 2 ml KGM.

Another 2 ml of cell free KGM are added at the outside of the inserts.

The cultures were kept submerged in medium for one week with the

medium change for every two days. After one week, when cells were

nearly confluent, the medium was removed from inside of the

inserts effectively raising the culture to the air-liquid interface.

The tissues were cultured for ·another two weeks with medium

changes only outside the inserts every two days.

2.3. Retinoic acid treatment

It is known that all-trans retinoic acid is an active agent in

cell growth and differentiation , and it has been extensively used in

clinical for chemotherapy and chemoprevention. In this study,

retinoic acid was applied to the cultured keratinocytes and raft

culture tissues. Retinoic acid was dissolved in acetone. The

concentration was determined by its UV absorbance and from

published extinction coefficients (Ito et al. 1974). The final

concentration of retinoic acid in the culture medium ranges from

10-7 to 10-11 M. In the raft culture tissues, treatment of retinoic

acid was started one week after culture tissue exposure to the air.

In the regular cultured keratinocytes and dermal fibroblasts,
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retinoic acid treatment was begun after cells reached confluence.

All the treatments lasted for 4-5 days.

2.4. Measurement

communication

of junctional intercellular

Gap-junction-mediated intercellular communication was

measured in cultured keratinocytes and dermal fibroblasts by

microinjection of 10% Lucifer yellow CH (Sigma) in 0.33 M Liel as

described by Rogers et al. (1990). The fluorescent dye was

micro injected at constant pressure into cells with an Eppendorf

Microinjector. The extent of intercellular communication was

determined by the number of fluorescent cells surrounding the dye

injected cell scored 10 min after dye injection. Measurements were

carried out in duplicate cultures in which about 25 individual cells

were probed/culture and served as an index of junctional

communication. .

2.5. Immunofluorescence

Portions of surgically removed skin samples were cut into

5mm pieces, and placed in cold 10% buffered formalin solution for

fixation. Fixed tissues were embedded in paraffin, then

subsequently sectioned (4mm) and hydrated. Normal human

keratinocytes and dermal fibroblasts were cultured on non

fluorescent plastic slides (Permanox, Nunc. Naperville, IL) until

confluent and treated with retinoic acid for four days. Then the
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slides were fixed in -200C cold methanol for 2 minutes followed by

washing with P BS 5 minutes. Double-immunofluorescence

microscopy was performed as described in previous studies (Rogers

et aI., 1990). The slides were first blocked for one hour in 5% BSA

in PBS at 40 C and then incubated for 30 min with a rabbit anti

connexin43 antibody (dilution, 1 :30 in blotto: borate buffer) raised

by immunization against a synthetic peptide representing the

predicted final 15 residues of the C-terminal region of rat Cx43.

After washed with PBS two times (10-min each) the slides were

then exposed to a FITC-conjugated second antibody (goat-anti-rabbit

IgG F(ab)2 fragment, Sigma) diluted 1:40 in blotto:borate buffer for

1 hour at 40C. Some sections were exposed to rabbit preimmune

serum, or to immune serum preabsorbed against the immunizing

peptide, then to the second antibody to determine the specificity of

binding of the primary antibody. The slides were washed again in

PBS two times and mounted in 50% glycerol in PBS containing 100

mg/ml p-phenylenediamine HCI to prevent photobleaching.

Epifluorescence microscopy was then performed using a Zeiss

Axioplan and images recorded on Kodak T-MAX film exposed at 6400

ASA.

2.6. Northern blot analysis

To further explore the regulatory mechanism of retinoic acid

on gap junctional communication in keratinocytes, the relative

levels of mRNA of Cx 43 and the expression of RAR in response to
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retinoic acid treatment were measured using Northern blot analysis

according to the method of Maniatis et al. (1982) with some

modifications.

2.6.1. Total RNA isolation

The control and retinoic acid treated skin samples obtained

during plastic surgery of patients was washed in cold PBS, and

excision of the epidermis from dermis with a fine surgical razor.

The epidermal sheets were cut into small pieces and solubilized in

RNA Zol B solution (BioTecx) with several strokes in a Tissumizer

homogenizer. In raft culture tissue, RNA was isolated from the

epidermal layer which was peeled off from the collagen gel. The

epidermal layers were solubilized in RNA Zol B solution with

homogenizing. The homogenates were mixed with chloroform (10:1),

placed on ice, then to centrifuged at 12,000xg for 15 min. The

upper aqueous phase containing RNA was precipitated with an equal

volume of isopropanol at 4 0C for 45 min, followed by centrifugation

at 12,000xg for 15 min. The RNA pellet was washed with 75%

ethanol twice, air dried, and dissolved in sterile water.

Quantitation and purity of the RNA was determined by UV

spectroscopy at 260/280 nm.

2.6.2. Northern Blotting

Isolated RNA (15-20 mg) was applied to Northern blot analysis

as described by Rogers et al (1990). The total RNA was mixed with
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1x Mops buffer, 50% deionized formamide, and 5% formaldehyde and

denatured by heating at 690C for 10 minutes. After adding loading

buffer, the samples and standard RNA markers (BRL Gibco) were then

loaded on a 1% agarose/16.5% formaldehyde gel and electrophoresed

for 3 hours ar 60 V. After electrophoresis, the portion of the gel

which with RNA makers was cut and stained in Ethidium bromide.

The rest of the gel was soaked in 20x SSC buffer (3 M NaCI, 0.3 M Na

Citrate, Ph 7.0) for 1 hour and then transfered onto nitrocellulose or

nylon membranes by capillary action in 20x SSC buffer overnight.

After transfer, the membrane was washed with water for 5 minutes

and baked at 800C for 2 hours in a vacuum oven.

2.6.3. Hybridization with [32 P] labeled eDNA

The membrane was prehybridized with 4x SET (60 mM NaCI, 8

mM EOTA, 120 mM Tris, pH 7.4), 50% deionized formamide, 0.1% SOS,

10x Oenhardt's solution (0.2% eSA, 0.2% Ficoll 400,000 MW, 0.2%

polyvinylpyrrolidone 360,000 MW), 250mg/ml denatured salmon

sperm DNA and 10mg/ml poly adenylic acid at 420C for 3 hours. The

full length cDNA probe specific for RARg (Elder et a1.1991) or

specific for rat heart connexin43 (Rogers et al. ,1990) was

radiolabeled with 32p dCTP (I Bichemicals, Costa Mesa, CAl using a

oligo-labelling kit (Pharmacia, NJ) and then separed from

unincorporated radioactivity with a mini column (Schleicher and

Schuell). The 32P-labeled eDNA was denatured by heating at 95

1000C for 5 minutes and added into the hybridization solution (50 %

63



formamide, 10 % dextran sulfate, S % Denhardt's solution) at a

concentration of 106 cpm/ml. The hybridization was carried out at

42 0C overnight. After a few post washes and a high stringency

wash (O.Sx SET/0.1% 50S at 650C for 30 minutes). The blot was

exposed to Kodak X-Omat AR film at -70 0C. The Expression of mRNA

of connexin 43 and RARg was visualized by autoradiography. Since

rat and human Cx43 exhibit 84% and 97% sequence homology at the

nucleotide and amino acid level respectively (Fishman et al., 1990)

the detection of Cx43 mRNA on human keratinocytes is believed to

be highly specific.

2.7. Western blotting

2.7.1. Total protein extraction

Extraction of connexin43 protein from both skin samples and

cultured cells was carried out as described in Rogers at al. (1990).

For skin samples, the epidermis was dissected away from the

dermis and lysed in lysis buffer (1% NP 40, O.OSM iodoacetamide,

10mM PMSF, 1mM EDTA, 1mM leupeptin, 2mg/ml aprotinin, 0.7mg/ml

pepstain in borate buffer, pH 8.0) at 4 oC for 2 hours. For the

cultured keratinocytes and dermal fibroblasts, cells were grown in

100-mm culture dishes to confluence and treated with retinoic acid

or acetone as control. Dishes were washed with PBS (Ca++ and Mg++

free) containing 1 mM NaF and 1 mM PMSF two times. Cells were

scraped off with same solution and collected by centrifugation. Cell

pellets were lysed in the above lysis buffer at 4 0C for 1 hour. After
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clarifying by centrifugation, the skin or cell Iysates, adjusted to

contain equal protein concentrations by the BCA protein assay

solution (Pierce) were ready for electrophoresis.

In the raft culture tissue, the epidermal layer was peeled off

from the collagen gel and lysed in lysis buffer at 4 0 C for 2 hours.

After centrifugation, the clear aqueous phase of the cell lysate was

used for immunoblot analysis of CX43. The pellet of the lysate was

dissolved in solution containing 8 M urea, 10% b-mercaptoethanol

and 2 mM PMSF. This dissolved preparation was used for analysis of

keratins (Kopan et aI.1g87).

2.7.2. Electrophoresis and western blotting

Equal amounts of proteins were mixed with 2x SOS sample

buffer containing 5% b-mercaptoethanol and then separated by

electrophoresis through a 10% SOS-polyacrylamide minigel (Bio-Rad,

Richmond,CA). Gel was subsequently electroblotted onto immobilin

membrane (Milipore) by electroblotting at 40C for 35 minutes. The

membrane was blocking with 5% nonfat dry milk in PBS for 1 hour or

overnight. The blot was incubated with anti-CX43, or anti-mouse

keratin K14 antibodies respectively for 1 h at 25 0 C. The

membranes were then washed with borate buffer to remove unbound

antibodies. Primary antibody binding is detected by reacting with

1251-labeled protein A for 1 hour followed by autoradiography.
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2.8. Immunohistochemistry staining for the tissue

sections

Following two weeks culture, the raft culture tissues were

washed with PBS and fixed in carnoy's solution (ethanol: chloroform:

acetate at the radio of 6: 3: 1) for 30 min. The fixed cultures were

embedded in paraffin, sectioned (5 mM), and then sublected to

immunohistochemistry staining. Staining was carried out as

described by Giudice and Fuchs (1990), the five-micrometer tissue

sections were affixed on glass slides, rehydrated, and treated for 30

minutes at room temperature with 50/0 normal sheep serum and 0.1%

BSA in PBS to reduce background staining. Then rabbit polyclonal

antibody against rat connexin43 (1 :30) or antibody against mouse

keratin K14 (1 :2000) diluted in BSA-PBS was incubated with the

sections for 1 hour at room temperature. After three 10-minute

washes in PBS, sections were incubated 1 hour at room temperature

with gold conjugated secondary antibodies (5nm gold particles, goat

anti-rabbit IgG (H+L), Amersham) diluted in BSA-PBS (1 :40).

Sections were then washed first in PBS (3 times, 5 min each) and

finally in distilled water (3 times, 3 min each). The gold label was

silver enhanced using the Inten SE silver enhancement kit

(Amersham) according to the manufacturer's instructions. After

incubation with the silver enhancement mixture for 15-20 minutes,

the sections were washed 2X5 min in excess distilled water and

then permanently mounted with cover slides.
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CHAPTER III

RESULTS

3.1. In clinical studies

Retinoids, both natural and synthetic, have found extensive use

in dermatology. They have been shown to be very effective

modulators of proliferation and differentiation of skin epidermal

cells in vivo and in vitro. Their action in most cases appears due to

an alteration in the program of squamous differentiation in normal

or disordered epithelium. This action is consistent with their

therapeutic effects on various cutaneous diseases characterized by

hyperkeratinization. In photodamaged skin, retinoic acid increases

the thickness of the epidermal layer and reverses the signs of

photodamage such as surface texture, and wrinkling. Moreover,

retinoids can cause the tumor regression in skin cancer and prevent

second primary tumors in squamous cell carcinoma of the head and

neck. However, the mechanism by which retinoids affect the

complex controls regulating epidermal cell proliferation and

differentiation is not understood. Recently in the studies of mouse

C3H 10T1/2 cells, retinoids have been demonstrated to enhance

growth control, inhibit carcinogen-induced transformation and,
increase gap junctional intercellular communication. These effects

were highly correlated. It has been suggested that gap junctional

communication serves as a conduit for cellular signals and plays a

crucial role in cell growth and differentiation control. Therefore
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the possible involvement of gap junctions in the regulatory action of

retinoids on human skin cells has been postulated and was explored

in the present investigation. In this section, the expression of gap

junctional protein connexin 43 and the influence of retinoic acid on

connexin 43 expression were studied in intact human skin.

3.1 ~1. Connexin 43 is expressed in human epidermis

Skin samples obtained during plastic surgery of adults were

processed for molecular analysis or for immunofluorescence.

Indirect immunofluorescence analysis performed using a polyclonal

antibody against connexin 43 demonstrated that this antibody

recognized plaques in regions of cell/cell contact of supra-basal

cells of normal human epidermis. We did not detect any specific

immunofluorescence in the dermis (Figure 11A,B). As a control, skin

sections were incubated with primary antibody pre-absorbed with

the immunizing peptide, to pre-immune rabbit serum, or to the

secondary antibody only. No such intercellular plaques were

observed in these controls ( Figure 11F). The primary antibody thus

appears to specifically detect Cx43, a major portion of which is

localized in regions of cell/cell-contact the expected location of

gap junctional plaques. By progressively focussing through the 4 mm
I

skin section, it was observed that such plaques surrounded the

antigen-positive supra-basal cells. No specific immunofluorescence

was detected in basal keratinocytes in any of the multiple sections

examined.
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Figure 11. Immunofluorescent localization of Cx43 in control and retinoic acid
treated human skin. Retinoic acid 0.05% (Retin-A) or placebo cream was

applied to an area of skin on a daily basis for 14 days prior to scheduled

removal during reconstructive or c?smetic surgery. Skin was fixed and
processed for indirect immunofluorescence using rabbit antiserum to the C
terminal domain of Cx43 [23]. Panel A; phase contrast control skin. Bar=50
microns Panels A-D and F; Panel B, same section under epifluorescent optics.
Note the annular fluorescent plaques surrounding cells in the suprabasal
region of epidermis. Panel C; phase contrast, treated skin. Note the increased
thickness of the epidermis and lack of stratum corneum. Panel 0;
epifluorescence view of C. Note the increased intensity of fluorescence in the
suprabasal region. Panel E; higher power view of the CX43-expressing region

of a different retinoic acid-treated skin sample. Fluorescent plaques clearly
define regions of cell/cell contact. 8ar=10 micron. Panel F; epifluorescent
micrograph of treated skin section labeled with pre-immune rabbit serum and
FITC-Iabeled second antiserum. Note the background nuclear fluorescence in
dermis and epidermis but lack of plaques in regions of cell contact.
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The absence of antibody recognition of intercellular junctions

in the basal cells was surprising since basal cells in situ and

keratinocytes in culture which are believed to represent the in vitro

equivalent of proliferating basal cells are known to communicate.

To determine if other members of the connexin family of molecules

were expressed in basal cells, indirect immunofluorescence was

performed using antibodies directed against mouse connexins 26 and

32, members of the connexin gene family known to be expressed in

organs other than the eye (Kumar and Gilula, 1986: Willecke, 1990).

As a control, we utilized adult mouse liver in which both proteins

are expressed (Zhang and Nicholson, 1989). We were again unable to

detect specific immunofluorescence in basal cells. nor were these

connexins detected in other cell types found in skin. In liver there

antibodies detected mumerous junctional plaques as expected (data

not shown).

3.1.2. Cellular location of effects of retinoic acid on

connexin 43 expression

It has been previously reported that retinoids up-regulate

junctional communication and expression of Cx43 mRNA and protein

in a line of C3H/10T1/2 mouse fibroblasts (Rogers et al.,1990)

Since skin is a major target of retinoids, we have investigated

whether retinoids can also modulate expression of connexins in this

organ.
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In in situ studies, skin samples were obtained from patients

undergoing plastic surgery. Several patients consented to apply a

0.050/0 retinoic acid cream (Retin-A) twice daily to the area of the

skin to be surgically removed. Treatment began two weeks before

surgery. In several cases, patients had multiple episodes of

cosmetic surgery performed on both sides of the body. In these

cases, retinoic acid was applied to one side and a placebo cream to

the contralateral side.

Skin samples were placed qn ice immediately after surgery and

were processed for immunofluorescence and for Northern and

Western blotting using specific probes to Cx43 mRNA and protein as

described above. Samples were coded so as not to reveal treated or

control status. For molecular studies only the epidermis was

examined.

Portions of skin were removed prior to molecular analysis and

processed in parallel with control samples for immunofluorescence.

Retinoic acid-treated skin consisted of more epidermal layers (5-8

in controls to over 10 in treated skin) and had lost the stratum

corneum as expected (Yuspa and Harris, 1974) (Figure 11C).

Moreover, in the region of epidermis in which fluorescent
I

intercellular plaques were visible fluorescence was more intense,

plaques were in general more frequent, and more layers of epidermis

expressed plaques ( from about 2 in controls to 3-4 in treated skin)
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(Figure 110). Specific immunofluorescence in the dermis was again

not observed.

3.1.3. Effects of retinoic acid on connexin 43 protein

expression

Equal amounts of protein derived from control and retinoic

acid-treated skin were separated by SOS-PAGE under reducing

conditions, and the gels subjected to Western blotting using the

same polyclonal anti-connexin 43 antibody used for

immunofluorescence. As shown in Figure 12, treated skin contained

increased amounts of immunoreactive protein than control skin,

indeed in controls, Cx43 was difficult to detect under the same

conditions of loading and labelling which yielded strong

immunoreactive bands in treated skin. In these blots Cx43 appeared

as a doublet; the upper band is believed to be a phosphorylated form

of this protein. This increased expression of connexin 43 was

consistently detected between subjects and, within an individual

subject in one case where samples were obtained from discrete

anatomic regions (usually breast and abdomen) after surgery

separated by several months.

3.1.4. Effects of retinoic acid on expression of

connexin 43 mRNA

Total RNA was extracted from treated and control skin and

identical amounts were separated by electrophoresis, prepared for
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Figure 12. Increased expression of Cx43 in retinoic acid treated human skin.
Equal amounts of protein extracted from the same treated and control skin
samples analyzed in Fig.2 above, were separated by SOS PAGE and
transferred to an immobilon membrane for Western blotting. The blot was
incubated with polyclonal anti-Cx43 antibody, then with 1251-labeled protein A
and autoradiographed. Lane 1, 2, treated skin; Lane 3, 4, control skin. Position
of a molecular weight marker in KO is shown.
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Figure 13. Effects of retinoic acid on gene expression of connexin43 in human

skin. RNA was extracted from retinoic acid treated and control skin. Equal
amounts of RNA (1 0 ~g per lane) were electrophoresed, blotted , and

hybridized against 32P-labeled connexin43 cDNA. Lane 1, retinoic acid treated

skin; Lane, 2,3 control skin from 2 separated locations on the same patient. The
RNA from the second treated site was lost. Comparable results were seen in the

3 other patients studied. Marker, calculated position of the 3.1 KD expected

transcript size of Cx43 mRNA.
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Northern blotting and probed with the full length cDNA for rat heart

Cx43. Retinoid-treated skin exhibited a 3.1 kb message which

strongly hybridized to the Cx43 cDNA probe under stringent

conditions (Figure 13). This is the expected transcript size for Cx43

mRNA (Beyer et aI., 1987). Other bands were not detected. RNA from

placebo-treated skin gave only a weak signal suggesting that in

those cells expressing Cx43, the message is only transiently

excessed or is very labile.

3.2. Expression of Cx43 in cultured skin cells

The results from clinical studies demonstrated the expression

of Cx43 gene products in human skin and the increased molecular

abundance of gene products in the epithelial layer after only two

weeks treatment with retinoic acid. However since the

immunofluorescence studies indicated that the histologic region of

epidermis in which Cx43 was expressed was also proportionally

increased, increased Cx43 expression on a per cell basis could not be

firmly established. Furthermore, since the dermal fibroblasts are

distributed throughout a collagen matrix, the response of dermal

fibroblasts was difficult to establish in the intact skin. To

overcome these difficulties we initiated cultures of keratinocytes

and dermal fibroblasts and investigated retinoid effects on Cx43

gene expression in these cultures.
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3.2.1. Effect of retinoic acid on Cx43 expression in

cultured human epidermal keratinocytes

Human epidermal keratinocyte cultures were obtained from

neonatal foreskins using established techniques and cultured in

semi-defined medium lacking an exogenous source of retinoids.

When confluent, cells were treated with retinoic acid or acetone as

control. Whole cell Iysates were separated by SOS-PAGE and

prepared for Western blotting using the Cx43 antibody. As seen in

Figure 4, control cultures exhibited a low basal level of expression

of an immunoreactive 43 Mr protein presumed to be Cx43.

Expression of this protein exhibited a biphasic response to retinoic

acid. High concentrations (10-7 to 10-8M ) resulted in a decrease in

expression of Cx43 protein, whereas lower concentrations (10-10 to

10-11M) caused a dose responsive increase in expression. Staining

of these blots with Coomassie Blue did not reveal any changes in

amounts of total protein in relevant regions of the gel, nor

variations in the efficiency of protein transfer to the membrane

(Figure 4, lower panel). Pre-absorbed serum did not label this region

of the blot. At the concentrations of retinoic acid used no obvious

changes in cell morphology resulted.

3.2.2. Effect of retinoic acid on Cx43 expression in

human dermal fibroblasts

Cultures of human dermal fibroblasts were established from

neonatal foreskins, grown to confluence then treated with retinoic
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Figure 14. Induction of Cx43 by retinaic acid in cultured human keratinocytes:
dose response studies. Confluent cultures of human keratinocytes were treated
with retinoic acid (RA) or with acetone as control for 4 days. Cells were

harvested and equal amounts of total cell protein subjected to SOS PAGE and

Western blotting as in Fig 3. Upper panel; Lane 1, acetone control; Lane 2, RA
10-7 M; Lane 3, RA 10-8 M; Lane 4, RA 10-9 M; Lane 5, RA 10-10 M; Lane 6, RA

10-11 M; Lane 7, RA 10-12 M. Lower panel; same immobilon membrane

stained with Coomassie Brilliant Blue to confirm that the protein loadings and

transfer efficiency was approximately the same for each lane. Position of a
molecular weight marker in KO is shown.
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Figure 15. Induction of Cx43 by retlnolc acid in cultured human fibroblasts:
dose response studies. Confluent cultures of human dermal fibroblasts were
treated with retinoic acid or with acetone as control for 4 days using an identical
protocol as employed in Fig 4. Equal amounts of total cell protein were
subjected to SDS-PAGE and Western blotting as described above. Upper
panel; Lane 1, acetone control; Lane 2, RA 10-11 M; Lane 3 RA 10-9 M; Lane
4, RA 10-7 M. Lower panel; same blot after staining with Coomassie Brilliant
Blue as above. Position of a molecular weight marker in KD is shown. Use of

preabsorbed serum, as above, resulted in no labeling of the Cx43 region of the
blot.
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acid or with acetone as control. Western blotting revealed the

presence of two immunoreactive protein bands in the 43 and 45 Mr

region (Figure 5). The higher Mr form of the protein is believed to

represent a phosphorylated form of Cx43. After treatment with

retinoic acid, the connexin 43 bands increased in intensity. As

previously observed in mouse 10T1/2 cells (Rogers et aI.,1990), the

upper, presumably phosphorylated species was preferentially

increased by retinoic acid treatment.

3.2.3. Immunofluorescent localization of Connexin 43.
and the effects of retinoic acid on Cx43 expression in

keratinocytes and dermal fibroblasts

Immunofluorescence microscopy demonstrated that

immunoreactive protein was localized in regions of intercellular

contact, consistent with the location of gap junctional plaques

(Fig.16 E,F). However, only occasional cells exhibited such plaques

in control cultures. Treatment with 10-7M retinoic acid decreased

the number of such immunoreactive cells, an observation consistent

with the Western blots.

In dermal fibroblasts, control cultures of confluent fibroblasts

exhibited frequent immunoreactive plaques in regions of cell/cell

contact (Figure 16A,B). Retinoic acid 10-7M caused an increase in

the number and apparent size of these plaques. Whereas in controls

plaques were punctuate and discrete, plaques in treated fibroblasts
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Figure 16. Expression ot Cx43 in cultured human dermal fibroblasts and

epidermal keratinocytes. Cells from neonatal foreskins were cultured as

described, treated with retinoic acid 10-7 M or with acetone as control for 4

days, and subjected to indirect immunofluorescence staining essentially as in

Fig 1. Panels A, B control fibroblasts, phase and fluorescence respectively. Note

occasionally immunofluorescent plaques in regions of cell/cell contact. Panels

C, 0 retinoic acid treated fibroblasts, phase and fluorescence respectively.
Regions of cell/cell contact are more clearly defined and junctional plaques are

often fused into lines. Panels E, F; keratinocytes, acetone control. Central cell

show the very infrequent junctional plaques observed in these cells. Bar=10

microns.
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Figure 17. Upper panel: effects of retinoic acid on gap junctional communication
in keratinocytes and dermal fibroblasts. Keratinocytes and dermal fibroblasts
were grown to confluence as described in materials and methods, and treated
with retinoic acid or acetone as control for 4 days. Individual cells were then
probed by microinjection of the junctional permeable fluorescent dye Lucifer
yellow CH as described, and the number of adjacent cells which became
fluorescent within approximately 10 minutes of injection were counted.

Consistent results were obtained on two batches of cells. Results show a
representative experiment in which about 45 cells in each dosage group were
microinjected. Data points, means ± SO. For fibroblasts all treatment groups
were significantly different from acetone treated controls (P< 0.001). Retinoic
acid induced no significant changes in keratinocyte cultures.

Lower panel; quantitation of Cx43 in retinoic acid treated cultures of
dermal fibroblasts and keratinocytes. Data, expressed as arbitrary units of
optical density, were obtained by digital quantitation of the Western blots shown

in Figs 4 and 5. In both experiments cultures were exposed to retinoic acid

using identical protocols. The concordance between Cx43 expression and
junctional communication in fibroblasts contrasts with the apparent lack of
correlation between these two parameters in keratinocytes.

f
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Figure 18. Gap junctional communication assays in human fibroblast and
keratinocytes. Left panels phase contrast images; right panels epifluorescent
images after microinjection of Lucifer Yellow. A,S; fibroblasts, acetone control.
C,D; fibroblasts, retinoic acid 10-7M. E,F; keratinocytes, acetone control. G,H;
keratinocytes, retinoic acid 10-7M. Treatment protocol as for Fig 7. Bar=50
micron.
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tended to coalesce into lines which demarcated cellular peripheries.

(Figure 16 C, 0)

3.2.4. Effect of Retinoic acid on junctional

communication

Both types of cell communicated well in monolayer culture as

measured by dye transfer studies (Figure 18). However cells

differed in their response to retinoic acid; whereas dermal

fibroblasts were found to increase the extent of dye-transfer over

the dose range tested (10-11 to 10-7 M), in contrast, communication

in keratinocytes did not change over this concentration range.

Plotted in Figure 17 are estimates of Cx43 expression in these two

cells types as influenced by retinoic acid (data obtained by

densitometry of Western blots shown in Figs.14, 15). It is apparent

that in fibroblasts the molecular measurements of Cx43 expression

and its modulation by retinoic acid are consistent with functional

measurements of gap junctional communication, however in

keratinocytes this relationship does not hold. For example, the

decrease in expression of Cx43 observed at 10-7 M retinoic acid

(Figure 14) was not accompanied by a proportional decrease in dye

transfer. Photomicrographs of representative cells probed by

microinjection of Lucifer Yellow are shown in Figure 18. The

increase spread of dye in 10-7M retinoic acid treated fibroblasts

(Fig.iSS vs. 180) contrasts with unaltered dye transfer seen in

treated keratinocytes (Fig.18F vs.18H). These results suggest the
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amount of Cx43 is not a rate limiting step for dye-transfer in

keratinocytes. A possible explanation for these observations is that

a large part of Cx43 is not assembled or translocated in the cell

membrane of most keratinocytes and thus not functional and not

detectable by immunofluorescence because of the high background

fluorescence of these cells (Figure 11 F).

3.3. Effects of retinoic acid on keratinocytes grown on

raft collagen culture system

Based on the clinical and laboratory studies, the expression of

connexin 43 in human keratinocytes is regulated by retinoic acid.

However, to establish whether there is a correlation between the

effects of retinoids on junctional communication and on terminal

differentiation, further experiments on cultured keratinocytes were

required so that connexin 43 expression and keratin expression can

be assayed in the same population.

First, the retinoid effect on connexin 43 expression observed

in vivo was examined in an in vitro collagen culture system.

Although the in vivo system is the best to use for studying the

effects of retinoids on keratinocyte differentiation, there are many

limitations to clinical studies, such as source of patients,

difference in individuals and the virtual impossibility of conducting

dose/response studies. An in vitro culture system that mimics the

in vivo system will provide a useful means for investigating the

retinoid effects. The conventional in vitro monolayer cell culture
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system is not suitable for studies of cell differentiation, because

only a few layers of cells form, and characteristic terminal

differentiation does not occur. Recently, a new in vitro culture

system has been developed, by which epidermal cells are cultured on

a floating raft of collagen and fibroblasts at the air-liquid interface

(Fuchs,1990). In this raft culture system, a near optimal balance

between growth and differentiation has been achieved (Asselineau et

al., 1986). This is an ideal model to study the regulatory effect of

gap junctions on retinoid-modulated cell differentiation. The

expression of Cx43 in response -to retinoids was examined in this

culture system. The effects of retinoids on Cx43 expression in

culture system was analyzed and compared with that in in vivo

system.

Second, the possible correlation between gap junction and

keratin expression was studied in order to understand the possible

role of gap junctional communication in keratinocyte

differentiation. Keratins, protein subunits of intermediate

filaments, change with different stages during cell differentiation.

Basal cells express two keratins: K14 (50 kDa) and K5 (58 kDa),

while suprabasal cells express an additional two keratins, K1 (67

kDa) and K10 (56.5 kDa). Due to the characteristic expression of

keratins, different stages of epidermal cell differentiation can be

distinguished. If gap junctional communication is involved in the

program of keratinocyte differentiation, there should be a close

correlation between the expression of Cx43 and keratins. The
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expression patterns of keratins and connexin 43 was analyzed and

evaluated for such a correlation. If retinoid-regulated expression of

Cx43 is correlated with the expression of keratins, at both

dose/response and time/course studies, the results would support

the hypothesis that the effect of. retinoids regulating keratinocyte

differentiation may be mediated by gap junctional communication.

Third, the correlation between expression of Cx43 and retinoic

acid receptors in human skin cells was investigated. RARs have been

shown to mediate the effects of retinoids on gene expression. RARs

are considered as retinoid-dependent transcriptional factors which

bind to a specific region of a target gene and modulate gene

expression. Therefore, if the expression of Cx43 gene is directly

regulated by retinoids, RARs would be nvolved and would mediate the

action of retinoid. We thus investigated the correlation between

Cx43 and RARy expression in response to retinoid treatment. Since

RARg is found predominantly expressed in the epidermis and

considered as the major retinoic acid receptor of skin any

correlation may provide some mechanistic understanding of retinoid

action on connexin 43 gene expression.

3.3.1. The growth and differentiation of keratinocytes

on raft matrix

In human epidermis, the cells stratify extensively and show a

gradual series of morphological changes characteristic of the
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Figure 19. Human epidermal keratinocytes cultured on collagen raft. Foreskin

epidermal keratinocytes were seeded on matrices of collagen and fibroblasts.

The raft were then floated on medium at the air-liquid interface for 2 weeks. The

rafts were fixed in carnoy's solution, embedded in paraffin and sectioned (5jlm).
Tissue section was stained with hematoxylin and eosin, and examined by light

microscopy. Panel A; lower power view of the section (1 :20). Panel B; same

section at (1 :40). Panel A; higher power view (1 :1 00).
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Figure 20. Effects of RA on connexin 43 expression in raft cultured keratinocyte:. .
dose response studies. Rafts were cultured for 2 weeks and treated with RA or

acetone for 5 days. Total protein was extracted as described in methods. Equal

amounts of protein were subjected to SDS-PAGE and immunoblot analysis.

The blot was incubated with anti-connexin43 antibody, and detected by 1251_
labeled protein A. Lane 1, acetone control; Lane 2, RA 10-7 M; Lane 3, RA 10-8

M; Lane 4, RA 10-9 M; Lane 5, RA 10-10 M; Lane 6, RA 10-11 M. Panel A;

immobilon membrane stained with Coomassie Brilliant Blue to confirm that the

protein loadings and transfer efficiency was approximately the same for each

lane. Panel B; same immobilon membrane stained with anti-Cx43 antibody.

Position of a molecular weight marker in KD is shown.
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process of terminal differentiation. When cells are cultured in

aplastic dishes submerged in medium, only a few layers formed, and

a sharp morphological distinction is seen between the nucleated

basal cells and largely enucleated flat cuprabasat cells (Kopan et

al.,1987). However, when epidermal cells are cultured on a raft

matrix of collagen and fibroblasts at the air-liquid interface for

two weeks, a five to ten cell-layer-thick stratified epidermis

formed (Fig. 19). Basal, spinous and granular layers were

identifiable and the gradient of morphological changes in this

culture was more gradual and .characteristic of the epidermis of

intact skin than that observed in epidermal cultures grown on a

plastic dish submerged in medium.

3.3.2. Dose/response studies of retinoic acid on Cx43

protein expression in raft cultures

To determine whether the effects of retinoic acid on connexin

43 expression extend to this raft culture, human keratinocytes were

cultured on rafts at the air-liquid interface for ten days, and then

treated with retinoic acid (10-7 M to 10-11 M) or with acetone as

control for 5 days. This range of retinoic acid concentrations was

the same as applied to cultured keratinocytes in monolayer. Total

protein was isolated from the epidermal layer and the relative

levels of connexin 43 protein induced by retinoic acid were analyzed

by immunoblotting with the anti-connexin 43 antibody. As shown in

figure 20, the basal level of Cx43 expression was elevated by
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Figure 21. Effects of RA on connexin 43 expression in raft cultured keratinocyte:

time course studies. Rafts were cultured for 2 weeks and then treated with RA at

10-9 M from 1 day to 5 days respectively. Total protein was extracted as

described in methods. Equal amounts of protein were subjected to 50S-PAGE

and immunoblot analysis. Lane 1, control; Lane 2, RA 1 day; Lane 3, RA 2
days; Lane 4, RA 3 days; Lane 5, RA 4 days; Lane 6, RA 5 days. Panel A;

immobilon membrane stained with Coomassie Brilliant Blue to confirm that the

protein loadings and transfer efficiency was approximately the same for each
lane. Panel B; same immobilon membrane stained with anti-Cx43 antibody.

Position of a molecular weight marker in KO is shown.
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retinoic acid from 10-8 to 10-10 M, with no change at 10-7M. The

results were consistent with the observation in conventional

cultured keratinocytes that low doses of retinoic acid increased

Cx43 expression but not high doses. These data indicat that the

expression of Cx43 in human keratinocytes is very sensitive to

retinoic acid.

3.3.3. Time course of retinoic acid effects on Cx43

protein expression in raft cultures

After ten days cultured at the air-liquid interface, human

keratinocytes were treated with retinoic acid (10- 9 M) in the

medium from one day to five days. Immunoblotting of cell Iysates

was then performed. Increases of connexin 43 expression were

detected. The expression of Cx43 began to increase after three days

treatment and then increased progiessively over five-day duration

of the experiment (Fig. 21). The delayed response to retinoic acid

may be due to the slow cellular uptake of retinoids. Since in the

raft cultures keratinocytes are separated from medium by a collagen

matrix, it may take time for retinoid in medium to reach the

epidermal cells, especially the suprabasal cells.

3.3.4. Retinoic acid increased Cx43 mRNA expression

in raft cultures

Results of in VIVO studies showed that the up-regulatory

effects of retinoic acid on connexin 43 expression is at message
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Figure 22. Northern bolt analyses to' examine the effects of retinoic acid on

connexin43 m RNA expression. Human epidermal keratinocytes were cultured

on collagen rafts at the air-liquid interface for 2 weeks. During last 4 days, the

medium contained 0, 10-7 M, 10-9 M retinoic acid. Then the epidermal layers

of the rafts were harvested for RNA extraction. Total RNAs (15 ~g) were

subjected to electrophoresis through formaldehyde agarose gel and transferred

to a nylon membrane. The blot was hybridized against 32P-radiolabeled

connexin 43 eDNA. Lane 1, control raft cultures; Lane 2,3, RA (10-7 M) treated

raft cultures; Lane 4,5, RA (10-9 M) treated raft cultures. Marker, calculated

position of the 3.1 kb expected transcript size of Cx43 mRNA.
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level. To further demonstrate that human keratinocytes in raft

culture and keratinocytes in vivo response similarly to retinoic acid

under these respective conditions, the relative levels of connexin 43

mRNA in human keratinocytes cultured on rafts in the presence or

absence of retinoic acid (RA treatment as same as mentioned above)

were measured. Total RNA was isolated from the epidermal layer.

The Cx43 mRNA was detected by Northern blotting with a 32p_

labeled Cx43 cDNA probe. In figure 22, it is shown that retinoic acid

increased Cx43 mRNA expression at lower concentration whereas at

high concentration the expression was reduced. Thus, both raft and

dish cultured keratinocytes exhibited similar responses to retinoic

acid treatment in terms of Cx43 expression. The results also

confirmed the observation in intact skin that retinoic acid regulated

the Cx43 expression at the mRNA level.

3.3.5. Retinoic acid altered the expression pattern of

K14 in raft culture tissues

To examine the possible correlation between retinoic acid

induced connexin 43 expression change and the changes of keratin.

The sections of retinoic acid treated or untreated raft cultures were

stained with the anti-mouse keratin K14 antibody (it cross-reacted

with human keratin) (Fig. 23). In the control tissues. anti-keratin14

antibody stained the basal layer of the raft cultures. For the raft

tissues grown in the presence of 10-9 M retinoic acid, the anti-K14

stained all epidermal structures. The staining in outermost layers
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Figure 23. Alteration of the expression pattern of K14 by RA in raft culture
tissues. After 2 weeks cultured at the air-liquid interface, keratinocytes were
treated with RA 10-9 M or acetone as control for 4 days. Then the epidermal

rafts were fixed in Carnoy's solution, embedded in paraffin, and sectioned (5
urn), Sections were deparaffinized, hydrated, and stained with anti-keratin 14

antibody. The primary antibody was detected with gold-conjugated secondary
antibody and silver enhancement. Panel A; control tissue. Note the keratin 14 is
only expressed in basal layer and lower part of suprabasal layer of the
epidermis. Panel B; RA treated tissue. Note the keratin 14 is expressed almost
all epidermal layers. Panel C, 0; higher power view of K14 expression in
epidermal layers in control and RA treated tissues.
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was consistent with the observations by other groups (Choi and

Fuchs, 1990; Eichner et aI., 1986). The increase of Keratin 14

expression by retinoic acid in the epidermal layer could be due to the

effect of inhibiting terminal differentiation or promoting basal cell

proliferation, which would increase the number of basal cell in

epidermal layer and increase the expression of keratin K14. The

change of expression pattern of K14 in retinoic acid treated tissue

took place mostly in the suprabasal layer in which connexin 43

expression was also elevated by retinoic acid. This coincidence may

point a correlation between expression of connexin 43 and keratin in

suprabasal cells.

3.3.6. Dose effects of retinoic acid on keratin K14

protein expression in raft cultures

In addition to examining effects of retinoic acid on expression

of keratin K14 on tissue sections, we measured the protein

expression of keratin 14 by immunoblotting. Since keratins are not

dissolved by the lysis buffer which we use for Cx43 protein

extraction, the NP-40 insoluble pellet was dispersed by sonication

and dissolved in 8 M urea and 10% b-mecaptoethanol. Then the

cytoproteins were subjected to Western blotting analysis with a

anti-keratin 14 antibody. The dose-response study showed that

keratin 14 levels were elevated in raft cultures treated with

retinoic acid with a maximum increase at 10-10 M (Fig. 24). The

increase of K14 expression may be caused by the increase of the
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Figure 24. Effects of retinoic acid on keratin K14 protein expression in raft

cultures: dose response studies. Rafts were cultured for 2 weeks and treated

with RA or acetone for 5 days. NP-40 insoluble protein were extracted as

described in methods. Equal amounts of protein were subjected to SOS-PAGE.

Immunoblot analysis was performed with anti-keratin 14 antibody, and detected

by 1251-labeled protein A. Lane 1, raft cultures with acetone; Lane 2, raft culture

with RA (10-7 M); Lane 3,raft culture with RA (10-8 M); Lane 4, raft culture with

RA (10-9 M); Lane 5, raft culture with RA (10-10 M); Lane 6, raft culture with RA

(10-11 M). Panel A; blot after staining with Coomassie Brilliant Blue. Panel B;

same bolt staining with anti-K14 antibody. Position of a molecular weight

marker in KO is shown.
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Figure 25. Time course studies of retinoic acid action on expression of K14 in

raft cultured keratinocytes.. Rafts were-cultured for 2 weeks and treated with RA

(10-9 M) from 0 to 5 days respectively. NP-40 insoluble protein were extracted

as described in methods. Equal amounts of protein were subjected to SOS

PAGE. Immunoblot analysis was performed with anti-keratin 14 antibody, and

detected by 1251-labeled protein A. Lane 1, no RA treatment; Lane 2, raft

culture with RA for 1 day; Lane 3, raft culture with RA for 2 days; Lane 4, raft

culture with RA for 3 days; Lane 5, raft culture with RA for 4 days; Lane 6, raft

culture with RA for 5 days. Panel A; blot after staining with Coomassie Brilliant

Blue. Panel B; same bolt staining with anti-K14 antibody. Position of a

molecular weight marker in KO is shown.
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Figure 26. Ouantitations of Cx43 and K14 expression. Upper panel;
quantitation of Cx43 and K14 expression in raft cultured keratinocytes from
dose resoponse studies. Data, expressed as arbitrary units of optical density,
were obtained by digital quantitation of the Western blots shown in Figs 20 and
24. Lower panel; quantitation expression of Cx43 and K14 in time course
studies of retinoic acid action. Date were obtained by digital quantitation of the
Western blots shown in Figs 21 and 26.
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number of cells expressing K14, as seen in the tissue sections.

Recent studies of Rosenthal at al. (1992) and Eichner et al. (1992)

have shown that in topical retinoic acid treated skin the expression

of K14 is not induced at cellular level. The authors suggested that

retinoic acid increase the expression of keratin 14 in whole skin, or

increase the number of cell expressing K14 in skin, but not at

individual cells.

3.3.7. Time course studies of retinoic acid action on

expression of K14 in raft cultured keratinocytes

To further elucidate the effects of retinoid on keratin 14

expression, and the possible correlation with the expression of

Cx43, keratinocytes were treated with retinoic acid at 10-9 M for

different times from one day to five days and the expression of K14

was measured by Western blotting. In contrast to that observed

foconnexiexpression, there was a early response of retinoid

treatment. The K14 expression was slightly increased after only one

day treatment, but thereafter did not increase progressively over

the five-day period of study. There was no increase of expression

after four days, when Cx43 expression was increased. (figure 27).

The differential effects of retinoic acid on K14 and Cx43 expression

may be due to: 1) the different distributions of these two proteins in

epidermis; or 2) there is no correlation between K14 and Cx43

expression, or Cx43 is not involved in mediating the effects of

retinoic acid on K14 expression. In addition, the results is
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consistent with the finding of Rosenthal et al. (1992) which was

shown that expression of K14 is slightly increased by short time RA

treatment but not induced by long time RA treatment, even for 16

weeks.

3.3.8. Effects on retlnolc acid receptor (RAR'Y) expression

Retinoic acid up-regulated connexin 43 gene expression in

human keratinocytes. Since retinoic acid receptors are known to

mediate a number of transcriptional events in various cell types

(Glass et aI., 1990; Luca, 1991), it was of interest to determine RAR

expression in human keratinocytes and to assess whether retinoic

acid treatment might affect RAR expression. To address these

questions, total RNA was isolated from retinoic acid treated and

untreated raft culture epidermal layers and analyzed by Northern

blotting with a radiolabeled probe specific for RAR'Y mRNA. The

result revealed that RAR'Y mRNA (3.3 kb) is expressed in human

keratinocytes grown on the raft cultures. No major differences

were observed between at 10-7 M retinoic acid treated and control

cultures. However, at 10- 9 M retinoic acid treatment, the

expression of RAR'Y mRNA was increased (Fig. 28). This increase may

be related with the retinoic acid action on skin, particular on Cx43

expression. Cx43 mRNA was also increased at this concentration of

RA (Fig. 22). This coincidence implicated that cx43 gene expression

could be regulated by retinoic acid directly, and RAR'Y may be

involved the modUlating effects of retinoid on Cx43 gene expression.
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Figure 27. Expression of RARy in human epidermal keratinocytes grown on raft

cultures. Total RNAs (30 Ilg) isolated from RA-treated or untreated culture

epidermal layers were resolved by formaldehyde/agarose gel electrophoresis,

transferred onto a nylon membrane, and probed with 32P-radiolabeled cDNA
complementary to RARy. Lane 1, control raft cultures; Lane 2,3, RA (10-8 M)

treated raft cultures; Lane 4,5, RA (10-9 M) treated raft cultures. Marker,
calculated position of the 3.3 kb expected transcript size of RARy mRNA.
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TABLE 1

The effects of retinoic acid on expression of Cx43.
K14, and RARy in raft cultured keratinocytes

Effects
of RA

Cx43
expression

in dose
response

maximum
increased
at 10-9 M

in time
course

Increased
after 3 days

location

suprabasal
layer

Keratin 14 maximum increased basal and
expression increased after 1 day suprabasal

at 10-10 M but decreased layers
after 5 days

RARy increased ND basal and
at 10-9 M suprabasal

layers
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CHAPTER IV

DISCUSSION

The development of an organism relies on the precise temporal

and spatial expression of its genome in differentiating cells. Most

tissue specific genes are regulated, at least in part, at the level of

transcription initiation (Falvey and Schibler, 1991). Studies of the

control elements of cell-type-specific and inducible genes indicated

that they are regulated by a combination of specific and general

transcription factors. So far, a few of the cell-type-spcific and

tissue-specific transcription factors have been discovered. In

human keratinocytes, the mechanisms that act to regulate the

expression of keratinocyte-specific genes are not understood.

However, it seems likely that this knowledge will be essential to

elucidating the steps involved in controlling keratinocyte fate and

commitment to terminal differentiation.

Retinoids are effective modulators of proliferation and

differentiation of keratinocytes in vivo and in vitro (Jetten, 1990).

This activity is presumably responsible for their clinical usefulness

in a wide range of diseases of the skin characterized by abnormal

differentiation. Retinoids appear to inhibit both normal and

abnormal terminal differentiation. Although a number of studies

have presented evidence that retinoids can suppress differentiation

at the level of mRNA, little is known about the mechanism of

retinoid action in this complex process.
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The epidermis differs from other tissues of the body by its

characteristic single terminal differentiation pathway and the high

degree of spatial organization of the cells. The epidermis is made

up of rriultiple layers of keratinocytes: proliferation take place in

the basal layer, and cells undergo terminal differentiation as they

move upward. Epidermal cells in culture have been used in vitro

model systems to study the regulation of epidermal differentiation.

Despite the desirability of this system for generating rapidly

growing keratinocytes, it is not optimal for differentiation. This is

due to the fact that only a few'layers of cells form at confluence

and that many of the biochemical changes characteristic of terminal

differentiation, such as keratin and filaggrin expression, do not

occur (Fuchs, 1990). To optimize the system for stratification and

terminal differentiation rather than growth, keratinocytes can be

cultured under improved conditions such as growth on a raft of

collagen and fibroblasts at the air-liquid interface. This raft

culture results in an in vitro system that closely mimics

differentiation of keratinocytes in vivo (Asselineau et aI., 1986).

Morphologic and biochemical studies have indicated that epidermal

differentiation is a multistage process. Although such in vitro

models usually underestimate. the complexities of the regulation of

the differentiation process in vivo, still they are very useful in

investigating the mechanism of control the process of

differentiation. Retinoids have been shown to inhibit the terminal

differentiation of keratinocytes in this culture system ( Kopan et
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aI., 1987; Kopan and Fuchs, 1989) and thus this culture system is

quiet suitable for the study for the action of retinoids in epidermal

keratinocytes.

The mouse 10T1/2 cell culture system is considered as a

model system for the investigation of retinoid action as cancer

chemopreventive agents. Many synthetic retinoids capable of

maintaining the normal differentiation of hamster tracheal cells

have been demonstrated to be able to suppress chemically induced

neoplastic transformation and enhance growth control in mouse

10T1/2 cells (Bertram, 1980). Such ability of retinoids to inhibit

transformation and increase growth control was found to be highly

correlated with their ability to up-regulate the gap junctional

intercellular communication (Hossain et aI., 1989). This activity

has been demonstrated to be due to increased expression of the gap

junctional protein, connexin 43.

The principal purpose of the present study is to examine the

effect of retinoids on gap junctional intercellular communication

and differentiation in human epidermal keratinocytes. These studies

will thus extend knowledge of retinoid effect on gap junctional

communication observed in 10T1/2 cells to human skin cells. Skin,
,

the largest organ in the body, is known to be the major target organ

affected by retinoids. The ready availability of human skin, the

presence of retinoic acid receptors in the human skin cells, and the

known expression of gap junctions with unknown function in
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keratinocytes make skin an ideal tissue to study in attempts to

understand the detailed mechanism of retinoids action in human.

Therefore. human skin cells. as well as cultured keratinocytes are

investigated in this study.

Clinical studies on intact skin

The expression of Cx43 in epidermis

The clinical studies demonstrated that there was an increase

in expression of connexin 43 [n the skin treated topically with

retinoic acid. This increased expression in connexin 43 occurred

mainly in the suprabasal layer of the epidermis. and it was found to

be associated with the thickening of the epidermal layer and the

disappearance of the keratinized layer (Fig.11). Northern blot

analysis showed that retinoid treated skin exhibited an induction of

a 3.1 kb message which was the expected transcript size of connexin

43 (Beyer et al.. 1987) (Fig.12). Western blot also demonstrated

that retinoid increased Cx43 protein expression in skin cells

(Fig.13). These findings in human epidermal cells are consistent

with the observations of Cx43 expression in 1OT1 /2 cells after

retinoid treatment (Rogers et aI., 1990).

Gap junctions are ubiquitous and present in virtually all adult

and embryonic tissues in mammals. The existence of gap junctions

in skin was first observed by Elias and Friend (1976). The

distribution of gap junctions was found to be predominantly in the
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upper layers of the epidermis (Caputo and Peluchetti, 1976). Later,

the pattern of the gap junctional communication was described in

the intact mouse skin by dye injection techniques (Kam et al. 1986).

The suprabasal cells were shown to be much more coupled than the

basal cells, although both cell layers were coupled. The dermal cells

themselves were also highly coupled. Nevertheless, there was no

evidence for coupling between basal and dermal layers. This

indicates that intercellular communication exists in suprabasal,

basal and dermal cells, with the highest level of gap junction in the

suprabasal layer. A similar pattern of gap junctional communication

was demonstrated in the intact human skin (Salomon et aI., 1988).

Their findings showed that as in mouse skin, junctional

communication was more extensive in suprabasal than that basal

keratinocytes following dye injection. Moreover, electromicroscopic

studies of normal skin tissue and tumor samples revealed that there

was an increase in gap junctional area with the topical retinoic acid

treatment. The mean values of dye transfer among keratinocytes

were twice as high as that of the controls. Gap junctional

communication was also shown to be present in cultured human

epidermal keratinocytes (Madhukar et aI., 1989). However, we are

the first to report their molecular characterization in both intact
I

human skin and in cultured keratinocytes (Guo et aI., 1992).

The role of gap junctional communication in skin
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All of the major functions of skin depend on the coordinated

activity of individual cells. Thus the rates of keratinocyte

proliferation and terminal differentiation are tightly linked.

Epithelial-mesenchymal interactions are crucial for normal

development of the skin and its appendages. In all these situations

information is passed from one cell to another and results in

modification of the behavior of the recipient cells (Watt 1991). For

example, premature terminal differentiation can be induced by

deprivation of keratinocytes of contact with extracellular matrix

(Watt, 1989). Considerable evidence has suggested that gap

junctional communication is involved in modulating functions of

different cells. The function of gap junctional communication in

epidermal cells has not yet been well characterized. It has been

observed in mouse epidermal cells that the gap junctional

communication is compartmentalized into cylidrical units which

correspond to their differentiating units (Kam et al., 1986; Pitts et

al., 1986). In addition, The agents which are known to modulate gap

junctional communication, calcium, retinoids, and the tumor

promoter, TPA, have profound effects on keratinocyte

differentiation and adhesion (Watt and Green, 1982; Fairley et al.,

1988; Pitts et al., 1986 Salomon et al. 1988; Madhukar et aI., 1989).
. .

A rise in the level of intracellular calcium ions has been shown to

have regulatory effect on gap junctional communication in cultured

mouse keratinocytes (Jongen et al., 1991). Dotto et al. (1989)

reported that the tumor promoter, TPA, caused 70 to 80 % reduction
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of gap junctional communication in mouse keratinocytes. Similar

findings were also observed in human keratinocytes (Madhukar et

aI., 1989; Swierenga et aI., 1990). Gap junctional communications

were blocked by TGF-b and tumor promoters, resulting in an increase

in terminal differentiation. These findings suggest that gap

junctional communication participate in the normal function and

regulation of differentiation of the epidermal cells. Interruption of

gap junctional communication may disturb the normal pathway of

differentiation, which may contribute to malignant transformation

of epidermal cells. It has been speculated that normal gap

junctional communication allows the direct control of terminal

differentiation of the differentiated keratinocytes by the

undifferentiated cells (Madhukar et al., 1989). As a result of this,

terminal differentiation of keratinocytes is a tightly controlled and

programmed process. On the contrary, when such communication is

disrupted, control of differentiation is altered due to the isolation

of the undifferentiated cells from the differentiated cells.

The effects of retinoids on skin

Normal maturation of the skin involves the progressive

differentiation of keratinocytes as they migrate away from the
•

basal layer of the epidermis. In the skin, retinoids appear to playa

conservative role, preserving the phenotype of the basal cells and

suppressing the expression of the differentiated phenotype. The

effect of retinoids and TGF-b on hyperproliferating human skin cells
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has been shown to be antagonistic (Choi and Fuchs, 1990). Retinoids

inhibit cell differentiation, while TGF-~ increases cell

differentiation. Retinoids also inhibited the calcium induced

differentiation of human epidermal keratinocytes (Mendelsohn et al.,

1990). Furthermore, in contrast to those tumor promoters, retinoids

are considered as antipromoters and in 10T1/2 cells their effects

are highly correlated with gap junctional communication (Metah et

aI., 1986, Hossain et al., 1989). There is thus increasing

circumstantial evidence that retinoids action on keratinocyte

differentiation may be' correlated with gap junctional

communication. Our studies provide both molecular and cellular

basis for retinoid-enhanced junctional communication in human skin

cells. This modified junctional communication could mediate some

of the physiological actions of retinoids on proliferation and

differentiation.

It has been documented that retinoic acid mainly affects the

differentiation process of suprabasal keratinocytes in the epidermis

(Fuchs, 1990). The mRNAs of retinoic acid receptors (RARa and

RARg) are most abundant in the suprabasal layer, which may explain

why the effect of retinoids is mainly on the suprabasal layer.

Interestingly, the gap junctional' communication and Cx43 expression

in human skin are also predominant in the suprabasal layers (Kam et

al., 1988; Guo et aI., 1992). Moreover, our studies showed that the

major increase in expression of connexin 43 by retinoic acid was

also present in the suprabasal layer of the epidermis. This
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coincidence in the distribution patterns further supports the notion

that retinoic acid may exert their effects on gap junctional .

communication in human skin epidermis through its receptor.

The discovery of the up-regulation of gap junctional

communication by retinoids in skin may present a mechanism by

which these compound modulate cell growth and differentiation. It

is clear that retinoids play a physiological role in regulating the

growth and differentiation of the epithelium and skin. It is also

clear that abnormalities in retinoid supply are associated with.
significant effects on the function of the skin. Excessive exposure

to retlnolds provokes epithelial alterations that include thinning of

the epidermis, drying of the skin, and inflammation of the mucous

membranes (Fell and Mellanby, 1953). However, vitamin A

deficiency, on the other hand, produces squamous metaplasia of

epithelia and hyperkeratosis on the skin (Frazier and Hu, 1931).

Moreover, Sporn et al. (1975) showed that retinoids were able to

reverse in vitro the squamous metaplasia observed in vitamin A

deprived animals. The studies of Asselineau et al. (1989)

demonstrated that at physiological concentrations of retinoic acid,

the synthesis of epidermal-specific differentiation markers was

reduced and a optimal epidermal morphogenesis was achieved.

Retinoids were also shown to promote repair of the photodamaged

skin (Bryce et aI., 1988; Weiss et aI., 1988; Chen et aI., 1991; Kim et

aI., 1991). This effect of retinoid on wrinkle reduction was

described to be correlated with its effect on epidermal thickening.
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Several studies demonstrated that epidermal thickness was

increased dramatically following retinoic acid treatment (Lichti and

Yuspa, 1988; Fisher et aI., 1991; Eichner et aL,1992; Rosenthal et

al., 1992). In our studies, similar results were observed. After two

weeks treatment of retinoic acid, there was an increase in

epidermal layers compared to that of non-treated skin (Fig. 11).

However, it is not certain yet whether this morphologic change is a

specific responses to retinoid or elicited by local irritation (Fisher

et al., 1991; Varani et al., 1991). Another contributing factor is that

retinoic acid increases the synthesis of dermal collagen and the

number of dermal fibroblasts (Kligman et al., 1984; 1986; Weiss et

aL, 1988), which could in turn modify epithelial growth. However,

Priestley (1987) reported that the fibroblast proliferation is

inhibited following retinoid treatment. Nevertheless, the

observations in our studies indicated that the epidermal thickening

is accompanied with increased expression of gap junctional protein.

It seems likely that the actions of retinoids on skin cell is a

complex process. The modulation of epidermal proliferation and

differentiation by retinoids could involve several regulatory factors

or pathways. Our data suggest that gap junctional communication is

one of these factors and involved the regulatory process.

Cultured human skin cells

It was observed that retinoic acid application to intact skin

increased connexin 43 expression. The detailed mechanism of such

129



effects is not clear. It has been postulated that this could be due to

either an increase in the proportion of cells expressing connexin 43

or increasing the connexin 43 level per cell, or both. However, we

were unable to distinguish between these alternatives in intact skin.

In order to determine more exactly the action of retinoic acid on

connexin 43 expression and gap junctional communication, cultured

human keratinocytes and dermal fibroblasts were used. In this way

regulation of connexin 43 could be examined in both keratinocytes

and fibroblasts, and quantitated on a per cell basis. Our results

showed that these two types of 'cells indeed express connexin 43,

but. differed in their response to retinoic acid treatment. In human

dermal fibroblasts, both connexin 43 and gap junctional

communication were enhanced by retinoic acid at high

concentrations level (10 -7 M) (Fig.15,17), similar to the dose

response in mouse 10T1/2 cells (Rogers et al., 1990). In contrast,

the maximum increase of connexin 43 protein expression in

keratinocytes occurred at a relatively low concentration of retinoic

acid (10-11 M). In contrast, connexin 43 expression in

keratinocytes was inhibited by retinoic acid at the concentration of

10-7M (Fig. 14). It is not clear why dermal fibroblasts and

epidermal keratinocytes exhibit different sensitivity to retinoic
f

acid. Several possibilities are addressed here. The differences

between these two types of cells in response to retinoic acid may be

due to: (1) differences in RAR expression. It has been demonstrated

that RARa (Noji et al., 1989) and RARg (Finzi et aL, 1992; Tavakkol
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et al., 1992) are most abundant in the suprabasal layers of the skin

rather than the dermal cells; (2) a difference in the expression

pattern of cellular retinoic acid binding protein, with the highest

level again in the epidermal suprabasal layer and lower level in the

dermal cells. The expression of CRASP-II in human skin has been

shown to be increased by topical retinoic acid treatment and CRASP

has been suggested to be an active participant in the cellular

response to retinoic acid in human skin (Tavakkol et al., 1992); (3)

the rich blood supply in the dermis which is the only source of

retinoic acid for the epidermis,' resulting in the formation of a

concentration gradient of retinoic acid across the skin from dermis

to epidermis. These differences may be significant because it has

been demonstrated that dermal fibroblasts influence epidermal

keratinocyte growth and differentiation in vitro reconstituting skin

(Coulomb et al., 1989; Krejci et al., 1991). Moreover, the effects of

retinoids of epidermal growth and differentiation are strongly

modified by dermal fibroblasts in raft culture skin (Sanquer et

al.,1990). Their data showed that in the absence of fibroblasts,

retinoic acid increased epidermal proliferation. Whereas in the

presence of fibroblasts, retinoic acid inhibited epidermal growth.

The possible mechanism of this dermal-epidermal interaction has
I

been suggested due to either the release by dermal fibroblasts of

factors that inhibit epidermal growth, or the blockade of promoting

factors.
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Unlike dermal fibroblasts, the intercellular communication in

cultured keratinocytes in monolayer culture (l.e. maitained as basal

cells) was not affected by retinoic acid even at the concentration

that maximally increased connexin 43 expression. Cultured

keratinocytes communicated well regardless of retinoic acid

treatment (Fig.16). This independence of connexin 43 and

intercellular communication in response to retinoic acid treatment

suggests that other connexins may be involved in the gap junctional

communication in basal keratinocytes. Up to now, more than ten gap

junctional proteins have been described in different tissues of

different species. Among them, connexin 26 and connexin 32, both

isolated in liver, were reported to be expressed in mouse skin (Zhang

and Nicholson, 1989; Paul, 1986). In our clinical studies, the

possible expression of connexin 26 and connexin 32 were examined

in human skin samples using antibodies specifically against mouse

Cx26 and Cx32. Unfortunately, the results of immunoflurescence

showed that there was no indication of Cx26 and Cx32 expressed in

human keratinocytes. The lack of expression of both Cx32 and Cx26

in human epidermis may be due to their unique distribution pattern

in specific species or in different regions of skin. It should be noted

that Paul et al. (1986) showed the expression of Cx32 in the whole
,

mouse skin, which contains epidermis, dermis and fat. Recently, a

newly isolated mouse connexin 31 has been reported to be expressed

in mouse skin (Hoh et aI., 1991). Its expression in human skin

keratinocytes was not detected (Acevedo and Bertram, unpublished

132



data). Most recently, a synthetic oligoprobe complementary to a

conserved sequence of the connexin gene family (Beyer et aI., 1990)

has been used under conditions of lower stringency of hybridization.

The results of this investigation suggested that there are at least

two connexin mRNAs expressed in human skin. One is connexin 43

and another is an unknown connexin mRNA with a transcript of 1.5 to

1.7 kb (Acevedo and Bertram, unpublished data). The unknown

connexin mRNA expressed in human keratinocytes identified by using

the oligoprobe still remains to be determined.

Raft culture system

The effects of retinoic acid on connexin expression was also

examined in the human keratinocytes in a organotypic culture (Le.

the· raft cultured system). This in vitro culture system offers

advantages over conventional monolayer cultures. Since the

conventionally cultured keratinocytes closely resemble the basal

cells of epidermis in their proliferation capacity and immature

differentiated phenotype, the effect of retinoic acid on Cx43

expression in the conventional culture model may not reflect the

action of retinoic acid in vivo where responses are obtained in

suprabasal cells. Therefore a raft cultured system which closely,
mimics the differentiation of keratinocytes in vivo was employed in

the present study. After two weeks culture on a collagen raft at the

air-liquid interface, the epidermal cells appeared to have an optimal

balance between growth and differentiation. Sections from the
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cultures showed that a single layer of basal cells and several layers

of spinous-like and granular-like cells lying on the basal cell layer

(Fig. 20). Thus the raft cultured keratinocytes had created a tissue

very similar to that of intact skin. Connexin 43 expression in the

raft cultured keratinocytes was found to be up-regulated by retinoic

acid at the transcript and protein levels (Fig. 20, 21, 22).

According with the observation in cultured keratinocytes, the

response of the raft cultured cells to retinoic acid was also very

sensitive. The optimal concentration of retinoic acid in the culture

medium to increase connexin 43 mRNA and protein expressions was

quite low (10-9 M), and it is presumed that the concentration in

keratinocytes is much lower because of the requirement for

diffusion through the collagen gel. These results from the raft

culture system further support the presumption that connexin 43 is

a major gap junctional protein in suprabasal epidermal cells.

Taken together of all these findings from human intact skin,

monolayer cultured keratinocytes and raft cultured keratinocytes,

it provide a clear evidence that the expression of one of the gap

junctional proteins Cx43 is up-regulated by retinoic acid in human

skin cells, as summarized in Table 1. Keratinocytes in all three

systems were shown to express Cx43 protein, and the level of Cx43

protein is elevated with retinoic acid treatment. Moreover, studies

in both intact skin and raft culture demonstrated that increased

expression of connexin 43 was present mainly in the suprabasal

layer of the epidermis. However, our studies also showed that in
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TABLE 2

The effects of retinoic acid on expression of Cx43 and junctional
communication in human keratinocytes and dermal fibroblasts

Effects
of RA

Cx43
mRNA

Intact
skin

increased

Keratinocytes
(raft )

increased

Keratinocytes
(monolayer)

increased

Dermal
fibroblasts

increased

Cx43 increased increased at increased at increased at
protein lower dose lower dose higher doses

but inhibited
at higher dose

Location suprabasal suprabasal cell junctions junctions of
of Cx43 layer layer of infrequent all cells
expression cells

Communi
cation

ND ND no change increased

ND: not determined because of technical difficulties.
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monolayer cultures retinoic acid causes a differential modulation of

Cx43 expression and of junctional communication in fibroblasts vs.

keratinocytes. In fibroblasts Cx43 expression and junctional

communication was progressively increased by increasing retinoic

acid concentration. In keratinocytes, lower doses of retinoic acid

increased Cx43 levels whereas higher concentration inhibited Cx43

expression. However communication in keratinocytes was not

changed. As discused above, these different responses to retinoic

acid could be due to several factors: 1) different sensitivity to

retinoic acid between the two types of cell; 2) Cx43 is a major gap

junctional protein in the suprabasal keratinocytes and may not be

involved in communication in basal keratinocytes. It is evident that

at least one other connexin protein is expressed in human epidermal

keratinocytes. This unknown protein may be a major connexin in

basal keratinocytesand also regulated by retinoids. This

differential modulation of gap junctional communication suggests

the complex regulation of junctional communication by retinoids in

skin, and may explain much of the regulatory activity of retinoids in

skin cell proliferation and differentiation.

The molecular mechanism of retinoid action

f

In both 10T1/2 cells and human keratinocytes, retinoids

elevated connexin 43 expression at the message level. Retinoids

have been reported to activate other genes in addition to connexin

gene (Ann et ai, 1988; LaRosa and Gudas, 1988). The modulation of
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expression of some of these genes has been shown to be mediated

through nuclear retinoic acid receptors which belong to the steroid

thyroid hormone receptors family (Petkovich et aI., 1987; Evans,

1988). It has been shown that retinoic acid binds to receptors in

the nucleus, and the ligand-receptor complex interacts with the

retinoic acid response element (RAREs) upstream of target gene and

modulates the transcription of differentiation-specific gene. A

number of retinoic acid receptors have been identified, designated

as RARcx, RAR(3, and RARy. These subtypes of RARs show a high

degree of homology among them. Only RARcx and RARy, but not RARJ3,

are found to be expressed in both epidermis of the intact skin and

cultured epidermal keratinocytes (Elder et aI., 1991). RARg is

considered as a principal retinoic receptor expressed in human skin

and a major mediator of retinoid action in the skin. It has been

suggested that the action of retinoic acid on the expression of

certain target genes, such as keratins K1, K10, epidermal

transglutaminease and involucrin, is mediated through RARy (Nervi

et aI., 1989; Keast et aI., 1989). However, it is not clear that the

regulation of retinoic acid on transcription of those target genes is

via direct binding of RAR to retinoic acid response elements in the

promoter regions of those genes or other transcriptional regulatory
,

factors. Only a few proteins, such as growth hormone, laminin and

RARJ3, are known to be induced by the binding of RAR to the retinoic

acid response elements.
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It has been suggested that connexin 43 gene could be directly

regulated by RAR binding (Rogers et al., 1990), however, a retinoic

acid response element has not yet been identified in connexin 43

gene sequence and a genomic sequence is only recently available. In

the present investigation, the correlation between the expression of

RA Ry and connexin 43 was studied in raft cultured keratinocytes.

The results showed that the expression of mRNA of both RARy and

connexin 43 were increased by retinoic acid at the concentration of

10-9 M (Fig. 22, 25)I but not at higher concentrations. Such similar

responses of RARy and connexin 43 expression to retinoic acid

suggest that one pathway for retinoic acid action on connexin 43

expression may be through RARy activation and that this response

involves RAREs.

Among the retinoic acid receptors, only RAR~ has been found to

have a RA-response element (~RARE) in its promoter region, which is

activated by retinoic acid (de The et al., 1990; Sucov et al., 1990).

However, RAR~ is not inducible by retinoic acid in human epidermal

cells (Elder et al., 1991). The reason for this is not known. It is

reported that RAR~ and RARy are expressed in a reciprocal fashion

(Dolle et aL, 1989; 1990; Ruberte et al. 1990; Kastner et al. 1990).

Hasmann et al. (1991) demonstrated that there was an antagonistic

action between RARs, such that RARy inhibited the activation of

~ RARE by RAR13 or other RARs. Since RARy is the predominant

receptor expressed in epidermal cells, the antagonism between RARy
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and RAR~ and their reciprocal expression pattern in the tissue may

explain the low level of expression of RAR~ in human epidermis.

The effect of retinoic acid on keratin expression

The ultimate goal of this study is to investigate the role of

gap junctional communication in the regulatory action of retinoic

acid on epidermal keratinocytes differentiation. In normal skin, the

process of epidermal differentiation is subdivided into four stages.

At each stage, the keratinocytes exhibit their characteristic

morphological and cytohistological features as well as the specific

protein expression. The basal cells are distinguished from the

others by an extensive intracellular cytoskeleton network of keratin

filaments, K14 and K5. Whereas the suprabasal layer, where cells

undergo terminal differentiation, is rich in two types keratins, K1

and K10. These characteristics of different layers of epidermal

keratinocytes indicate that differentiation among various stages of

keratinocytes can be revealed by examining the differential

expression of keratins. In other words, keratins can be used as

markers of keratinocyte differentiation. The changed expression of

keratins in the epidermal cells upon retinoic acid treatment was

examined in this study to understand retinoid effects on cell

differentiation in skin cells.

In the present study, the effects of retinoic acid on keratin 14

expression was examined in order to determine the possible

correlation between the expression of K14 and connexin 43 and to
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explore the role of gap junctional communication in the process of

keratinocyte differentiation. Immunohistochemistry studies showed

that K14 expression was primarily localized in the basal layer of the

epidermis in the control tissue, while the expression of K14 was

expanded to the suprabasal layer in the retinoic acid treated tissue

(Fig. 23). The change of the distribution of K14 may reflect the

effect of retinoic acid on promoting proliferation and/or inhibiting

differentiation, since K14 expressing is normally in the basal cells

which are capable of proliferation. The effects of retinoids on

keratinocyte differentiation have Oeen suggested to be the retention

of the undifferentiated stage and inhibition of expression of the

phenotype of differentiation (Eckert, 1989; Watt, 1989; Fuchs,

1990). Retinoids have been shown unable to prevent the cells from

undergoing irreversible growth arrest. In cultured keratinocytes,

retinoids inhibit K1 /K1 0, K6/K16 expression, cornified envelop

production and filaggrin expression (Yuspa and Harris, 1974;

Fleckman et aI., 1985). In addition, retinoids enhance basal cell

proliferation and increase the expression of K5/K14 (Choi and Fuchs,

1990). This pleiomorphic effect of retinoids on keratinocyte growth

and differentiation allows us to use the markers for either

differentiation or proliferation for the determination of the action

of retinoids on keratinocyte differentiation process.

Thus the change in K14 expression is indicative of an increase

in basal cell number or its percent in epidermis, which may explain

the thickening of retinoic acid treated skin observed in the clinical
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study. Moreover, the study by Rosenthal et al. (1992) has

demonstrated that in topical retinoic acid treated skin the

expression of K14 is not induced at cellular level. Their results of

immunofluorescence studies showed that topical treatment of RA

increased the epidermis thickening and the cell layers expressing

K14. However, at cellular level, keratin 14 retained the same

pattern of expression in both control and RA treated samples. There

is no indication that RA treated skin cell expresses more K14 than

dose control skin cells. Furthermore, Eichner et al. (1992) showed

that in the protein extracted only from the epidermal living layer,

which contains most basal cells and part of suprabasal cells, the

expression of K14 was not changed in both control and topical

retinoic acid treated skin. Whereas in the protein isolated from

whole skin, K14 expression was markedly increased by retinoic acid.

Taken together these results, it may be speculated that retinoic acid

up-regulates the expression of keratin 14 in whole skin, (i.e.

increases the number of cells expressing K14), but not individual

cells.

In both dose response and time course studies, relative levels

of K14 protein and Cx43 protein were measured in human

keratinocytes cultured on raft collagen system using Western

blotting analysis. The results of dose response experiments showed

that both K14 and Cx43 expression were increased by retinoic acid

treatment. However, the maximum increase of K14 and connexin 43

expression occurred at different concentrations of retinoic acid (Fig.

141



27}. Expression of keratin 14 seems to be more sensitive to retinoid

than connexin 43. Moreover, time course studies also showed that

these two proteins respond to retinoid differently (Fig. 26). The

expression of Cx43 increased progressively over the 5-day duration

of retinoic acid treatment as we previously observed in 1OT1 /2

cells (Rogers et aI., 1990). In contrast there is a more rapid

response of keratin 14 expression to RA treatment. After only one

day treatment with retinoic acid, the K14 expression was increased,

but after five days the expression began to decrease. Similar

findings were also observed by Rosenthal et al. (1992), here skin

treated with RA for 4 days contained more cell layers expressing

K14 than did skin treated for 16 weeks. On the other hand, the

expression of another keratin, K6, is dramatic decreased after

longer RA treatment. The reason for these differences is unclear.

What is clear is a differential response of certain markers to

retinoic acid.

Whether regulated keratin 14 expression is directly mediated

by RA or requires prior activation of other factors is still unknown.

However, it was shown in our studies that the induction of K14

expression by retinoid was not direct correlated with the

expression of Cx43. The differential modulation of Cx43 and K14

expression by retinoid could be due to their different distribution

patterns in skin, since K14 is a major keratin in basal cells while

connexin 43 has been proved to be a major gap junctional protein in

suprabasal epidermal cells (Guo et aI., 1992). The early response
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and higher sensitivity to retinoic acid treatment in K14 expression

indicated that the effects of retinoic acid on K14 expression are not

mediated by connexin 43. However, the results in this study can not

exclude the possible role of gap junctional communication in

epidermal differentiation. It has been shown that Cx43 is not the

only connexin expressed in keratinocytes. The other connexin

protein(s) may be involved the differentiation process with or

without Cx43. On the other hand, keratin 14 is not the only marker

of epidermal differentiation and has been suggested not to be the

differentiation-linked keratin. In' fact, the expression of K14 may

not precisely reflect the process of differentiation. Therefore,

further studies of the functions of gap junctional communication are

needed to elucidate the regulatory mechanism of epidermal

keratinocyte differentiation and proliferation, in particular the

mechanism of retinoid action in skin.

Conclusions of this study

1. The gap junctional protein, connexin 43, is expressed in

suprabasal layers of human epidermis. Topical treatment of retinoic

acid on intact skin increased the levels of connexin 43 mRNA and

protein expression.

2. Connexin 43 is expressed in human monolayer cultured

keratinocytes and dermal fibroblasts. Retinoic acid causes a

differential modulation of Cx43 expression and of junctional

communication in fibroblasts vs. keratinocytes: In fibroblasts Cx43
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expression and junctional

increased by increasing RA

exhibited a biphasic effect on

was not increased.

communication was progressively

concentration. In keratinocytes RA

Cx43 levels, however communication

3. In human keratinocytes grown in "raft" cultures, retinoic acid

causes similar effects on connexin 43 expression as in intact skin.

The results in raft cultures also indicated that the up-regulated

expression of RARy may be involved the modulating effects of

retinoic acid on Cx43 gene expression.

4. The data contained this study demonstrate the complex regulation

of junctional communication by retinoids in skin. Moreover, there

are indications that in basal cells Cx43 may not be the major protein

involved in junctional communication.

5. There is no direct correlation between the expression of keratin

14 and connexin 43. The regulatory effects of retinoid on K14

expression seem unlikely to be mediated by Cx43. The possible roles

of gap junctional communication in modulation of human skin

epidermal differentiation still remain to be explored.

Future directions

Retinoids have recently become of great interest to

researchers in areas as diverse as dermatology, cancer research,

embryonic development, and etc. The crucial role of retinoids in

controlling differentiation processes have been demonstrated in
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studies in vivo and in vitro. It has been suggested that retinoids

may exert their action at multiple levels, including a direct effect

by itself (Le., activation the phospholipase C / protein kinase C

signal transduction system) (Fisher et aI., 1991), or binding of a

specific receptor. For instance, the expression of RARa and RARy

are shown in human skin cells, and the RARs are the molecular

targets of retinoid action in skin (Rees and Redfern, 1989; Elder et

al. ,· 1991). Retinoids may also affect these functions indirectly by

modulating the intercellular transfer of regulatory signals.

However, there are still many missing pieces to the puzzle of how

retinoids regulated cell growth and differentiation. In this study,

we have tried to use the model of gap junctional communication to

elucidate a possible pathway for retinoic acid action on human

epidermal keratinocyte differentiation. It is indicated in this study

that besides Cx43, other members of the family of gap junctional

protein may be expressed in human skin, especially the basal cells,

and there is evidence that at least one unknown connexin mRNA is

expressed in human skin. These proteins could be connexin 37,

connexin 31, or connexin 40. The role of this unknown gap junctional

protein is not clear. This connexin could be involved in gap

junctional communication in basal keratinocytes and be independent
I

of retinoid control. In the dermis we have shown that retinoids to

induce Cx43, is this of significance to retinoid effects in the

dermis? Future studies will attempt to identify the unknown

connexin(s) and characterize their retinoid responsiveness, will
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examine other markers of differentiation and will examine the

effects of inhibition of gap junctional communication on the

differentiation process.
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