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CHAPTER I

GENERAL INTRODUCTION



GENERAL INTRODUCTION

Growth and division of cells are highly coordinated processes.

Distortion of these processes at any point may ultimately lead to

neoplastic transformation or cell death. External agents like

carcinogens and radiation are believed to cause such distortions via

interaction with various intracellular and membrane components. An

important target of their action on humans are epithelial cells. In

fact, most human cancers are of epithelial origin.

The uppermost cell layer of the skin is the epidermis which

serves as a natural barrier between the body and the environment. The

epidermis consists of a multilayer of keratinizing cells called

keratinocytes (1). This multilayer is conventionally subdivided into a

basal layer of dividing cells and upper layers of terminally

differentiating cells. Daughter cells of dividing basal keratinocytes

migrate while differentiating outward in a period of 26 to 42 days, so

that the epidermis is replaced completely in approximately two month's

time. Besides keratinocytes the epidermis contains three less abundant

cell types as well: melanocytes, Langerhans cells and Merkel cells.

Melanocytes produce a pigment, melanin, which accumulates in melanin

granules. The latter are subsequently transferred into the

neighbouring keratinocytes where they provide protection against

ultraviolet light (1). The function of Langerhans and Merkel cells is
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still not entirely clear.

To study in detail the effects of external agents like radiation

and some carcinogens on human cells a culture of keratinocytes is

obviously the model system of choice. However, until recently it has

not been possible to culture keratinocytes _rn vitro. Only in 1975

Rheinwald and Green succeeded in establishing the essential conditions

required for keratinocyte subcultivation (2): when grown _iri vitro

under their conditions keratinocytes actively divide, undergo terminal

differentiation and form a multilayer resembling the L̂n vivo

situation. Since then primary cultures of keratinocytes have become an

attractive system for numerous studies.

The most crucial effect of radiation and other external agents on

living cells is the damage caused to the genetic material. In

bacterial systems, DNA damage triggers a complex set of reactions

known as the SOS response which is believed to help the bacterium to

survive (3). The initial goal of the experiments presented in this

thesis was to find out whether DNA damage induces a response in cells

derived from the epidermis of human skin as well. For this purpose a

primary culture of human epidermal keratinocytes was established

according to Rheinwald and Green (2).

Chapter II presents a literature review on the response of

mammalian cells to stress. Two processes in particular are discussed:

the cellular response to DNA damaging agents and the heat shock

response. The effects of ultraviolet (UV) light on the protein

synthesis in cultured keratinocytes are presented in chapter III. The

next chapter describes the construction of a cDNA library using mRNA

isolated from UV irradiated keratinocytes. This library was

differentially screened with cDNA probes synthesized on mRNA from

either UV irradiated or nonirradiated cells. Several groups of cDNA

clones corresponding to transcripts whose level in the cytoplasm seem

to be affected by exposure to UV light have been isolated and

characterized by cross-hybridization, sequencing and Northern blot

analysis. More detailed analysis of some of the cDNA clones is

presented in the two chapters following chapter IV. The complete cDNA
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sequence of the proteinase inhibitor cystatin A and the modulation of

its expression by UV light and the carcinogen 4-nitroquinoline 1-oxide

(4-NQO) in keratinocytes are described in chapter V. Two other groups

of cDNA clones have been isolated which do not cross-hybridize with

each other on Southern blots. However, the primary structures of the

proteins deduced from the nucleotide sequences of these two groups of

cDNA clones are very similar. Both proteins are small, very rich in

proline, cysteine and glutamine and have similar repeating elements

(chapter VI). Further characterization of the protein encoded by the

cDNA insert of a clone from one of these two groups and the regulation

of the expression of this protein during terminal differentiation of

keratinocytes are reported in chapter VII.

Since several chapters are written as articles to be submitted

for publication, some overlap occurs in the introductionary paragraphs

of the separate chapters.
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STRESS RESPONSE OF MAMMALIAN CELLS

Living cells are often under environmental threat. Chemicals,

radiation, viruses, heat shock, heavy metals, cytotoxic drugs, etc.

all these agents may interfere with normal functioning of the cell and

lead to cell aging and death or to neoplastic transformation and

immortalization. Various mechanisms are involved in the protection of

essential cellular functions against the harmful action of such

agents. Although reasonably well understood in bacterial cells, the

main pathways of these mechanisms in mammalian cells are still

obscure. In this chapter, the response of mammalian cells to two types

of stress will be discussed: the cellular response to DNA damaging

agents (I) and the heat shock response (II).

I. CELLULAR RESPONSE TO DNA DAMAGING AGENTS

DNA damaging agents like ultraviolet (UV) light, hydroxyurea (HU)

and mitomycin C interfere in one way or another with the cellular

metabolism and gene expression, mainly via interruption of DNA

replication or transcription. Treatment of bacteria with one of these

agents triggers a complex set of reactions termed the SOS response

(84). Although the main steps of SOS induction in the bacterium

Escherichia coli are well known, the very signal that triggers this



18

induction is still to be found. However, recent results indicate that

the oligonucleotides d(ApG), d(GpG), d(ApGpG) or d(pG)8 might

function as such a signal (40). A target for the inducing signal is

the recA protein which upon induction is activated as a protease

(fig.l). The activated recA protease inactivates the lexA repressor by

cleavage. This leads to dissociation of the repressor from the

operator region and subsequently to derepression of SOS genes and to

SOS induction (34,40).

DNA damaging agent

71

DNA |

signal j

inactive active

inactive

SOS genes
active

Figure 1. Bacterial SOS response. During the development of
the SOS response the activated recA protease (A) splits the
repressor protein lexA (R) and derepreaoes the transcription
of the SOS genes. (P) indicates RNA polymerase. Modified
after Little and Mount (40).

In mammalian cells, neither the inducing signal nor the nature of

the DNA damage inducible response is known. Recently, a dinucleotide -

diadenosine 5',5'''-P ,P^-tetraphosphate (Ap^A) - has been proposed to

function as a pleiotropically acting "alannone", a signal which upon

induction triggers a complete set of different reactions (82) (see

below). It also has been shown that human cells when treated with DNA
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damaging agents can communicate their state to nontreated cells via a

protein mediator (73) (see below).

Prolonged exposure to agents that induce an SOS response in

bacteria can lead in mammalian cells to neoplastic transformation.

Genes that are believed to be responsible for the development of a

transformed phenotype, the so-called oncogenes, have been shown to be

activated by various mechanisms, such as point mutations, gene

amplification and chromosomal rearrangements (9). Mutations in the

upstream region of an oncogene may change the level of transcription,

whereas mutations in the gene itself can alter the primary structure

of the oncoprotein in such a way that it gains the capability to

transform cells efficiently even when present at a low concentration.

An increase in oncogene copy number during amplification may also

result in an increased accumulation of the oncogene product and

subsequently in cell transformation (2). Chromosomal rearrangements

and translocations of an oncogene from a silent locus to an actively

transcribed one may account for this process as well (78). The role

of different DNA damaging agents in the manifestation of all these

processes remains suggestive, although strong indications have been

obtained in animal model systems for the direct implication of certain

damaging agents in oncogene activation and tumor induction (7).

A. Induced repair, recombination and outagenesis

To better survive DNA damage after exposure to different

mutagenic agents such as UV light, 4-NQO and mitomycin C bacteria

exploit a repair system which is damage inducible. The first

indication that such a system operates within procaryotes came from

studies on the survival of UV-irradiated phages in bacterial cells: an

enhanced survival of UV-irradiated phage lambda was found in

preirradiated as compared to nonirradiated E.coli cells (83). This

phenomenon has been called "virus reactivation". The enhanced

survival was accompanied by an enhanced mutagenesis of the reactivated

virus. The two phenomena have similar kinetics of appearance. Later it
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has been shown that a function induced by the SOS response is in fact

responsible for enhanced mutagenesis (84). After its demonstration in

E.coli virus reactivation has been used as an indicator of damage-

inducible repair in different systems, including mammalian cells.

Indeed, the survival of mutagen-treated viruses, such as herpes

simplex virus, simian virus 40 or adenovirus is higher in host cells

that are pretreated with various DNA damaging agents than in

nontreated control cells (for reviews, see 21,31,59,68). This

indicates that mammalian cells may response to DNA damage in a similar

way as bacteria.

In mammalian cells, virus reactivation parallels often enhanced

mutagenesis of UV-irradiated virus (20,69,70). Enhanced mutagenesis

of nonirradiated virus (HSV and SV40) in preirradiated cells has been

also reported for monkey kidney cells and for normal human and

excision repair deficient xeroderma pigmentosum fibroblasts

(1,17,18,42,43). However, recently indications have been obtained

that enhanced virus reactivation and enhanced virus mutagenesis can

occur in mammalian cells independently of each other (1).

DNA damaging agents have been shown to stimulate the process of

DNA recombination. After UV irradiation an increased frequency of

recombination between viruses was observed during infection of both

bacterial and mammalian cells (28,30). Transfection experiments with

UV irradiated plasmid DNA carrying a selectable marker show an

increased number of transfectants after selection (80). Since for a

stable transformation integration of the plasmid DNA into the host

genome is required, UV stimulation of transfection efficiency is

probably a consequence of the UV effect on recombination.

Viral reactivation and mutagenesis in pretreated cells using

irradiated virus suggest the induction of repair and mutagenesis

functions by DNA damaging agents in mammalian cells. Induction of

error-free repair and recombination leads to the enhanced virus

survival or virus reactivation in pretreated cells, whereas induction

of error-prone repair probably leads to enhanced mutagenesis of

surviving virus. Thus, persistency of DNA lesions may induce the
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error-prone repair system and enhance the frequency of recombination

leading to mutation induction and rearrangements which may activate

dormant genes. It is not clear whether the stimulation of

recombination is due to the change in the topology of the target

molecules, to the configuration of the DNA at the site of a lesion or

to the induced synthesis of enzyme(s) involved in recombination.

Carcinogen-induced mutagenesis has been proposed to play an important

role in neoplastic transformation and tumor development. Induced

mutations could convert proto-oncogenes to active oncogenes.

Activation of proto-oncogenes from the ras-oncogene family and neu

proto-oncogene by a point mutation has been demonstrated in human and

animal cancers (for review, see 9,78).

Evidence for the involvement of SOS induced specific gene

products in the process of enhanced repair, recombination and

mutagenesis in mammalian cells, and in carcinogenesis in general is

scarce and indirect.

In the low eukaryote yeast, appr. 1 % of the coding sequences is

estimated to be involved in DNA repair and the response to DNA damage

(66). Yeast DNA ligase encoded by the CDC9 gene as well as at least

ten other specific genes have been shown to be induced by DNA damage

(ref.in 66). Treatment with UV or any other DNA damaging agent leads

to an increased transcription of the yeast RAD2 DNA excision-repair

gene (6A) and the RAD54 gene involved in recombinational repair (16),

but has no effect on the expression of at least three other repair

genes, notably RAD1, RAD3 and RAD52 (16,64,).

In mammalian cells, analysis of protein patterns on two-

dimensional gels before and after treatment with inhibitors of DNA

synthesis such as UV light, mitomycin C or tumor promoting agent

(TPA) reveals that the induction of specific proteins after DNA-

damaging treatments does not occur in such a way that a large quantity

of a unique protein is synthesized like the recA protein in E.coli

(44,73, chapter III). Instead, a number of proteins seems to be

induced to some extent after these treatments. Examples of such

proteins with a known function are mentioned below.



22

A serine protease called plasminogen activator (PA) can be

induced by UV iradiation in different embryonic cell lines and in

repair deficient xeroderma pigmentosum mutants (49). Secretion of PA

has been closely associated with cellular transformation and invasive

growth of tumor cells (for review, see 51). Thus PA induction by UV

irradiation may play a role in UV induced carcinogenesis.

A relative increase in the level of the mRNA corresponding to

the cysteine proteinase inhibitor cystatin A was found in the

cytoplasm of cultured human epidermal keratinocytes after UV

irradiation or after treatment with the potent carcinogen 4-NQO, and

may be part of the protective mechanism against tissue damage after

irradiation (chapter V).

Treatment with various DNA-damaging agents leads to induction of

one of the two mammalian DNA ligases, DNA ligase II, in simian and

human cells (46,47,48). DNA ligase II activity is essential for

efficient DNA repair (76).

Induction of metallothionein genes after UV irradiation has been

demonstrated in human fibroblasts (MT-IIA) (5) and in mouse cells

(MT-I) (38). The activation of MT-I has been shown to be associated

with extensive demethylation of the MT-I gene.

Some reports have suggested a role of ADP-ribosyl transferase

(ADPRT) in DNA repair (22 and ref. therein). ADPRT is a DNA-dependent

nuclear enzyme which covalently attaches ADP-ribose moieties derived

from NAD+ to proteins to form mono- or poly-ADP-ribosyl derivatives.

Various nuclear proteins, including chromatin proteins such as

histones and nonhistone chromosomal proteins, and topoisomerase I and

the polymerase itself serve as a substrate for ADP-ribosylation

(ref.in 53,24). This modification of nuclear proteins could

facilitate site specific alteration of chromatin structure, which may

be involved in differentiation, DNA replication and the recovery from

DNA damage by carcinogens. Indeed, ADPRT activity has been shown to be

strongly stimulated by breaks in DNA and the enzyme is required for

efficient DNA repair probably via stimulation of DNA ligase activity

(19).
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After treatment with carcinogens or tumor promoters eight

induced proteins of yet unknown function have been detected in

cultured human dlploid fibroblasts (44,73). The same eight proteins as

judged by two-dimensional gel electrophoresis are synthesized

constitutively in the cancer-prone mutant Bloom syndrome and may be

involved in the generation of a neoplastic phenotype.

Cultured human fibroblasts treated with UV, mitomycin C or the

tumor promoting agent TPA have been shown to secrete into the medium a

protein factor (EPIF-extracellular protein inducing factor)

transmitting the carcinogen-induced response and inducing eight

specific proteins in nontreated cells (73).

In summary, evidence on enhanced viral survival and mutagenesis

supports the idea that a DNA damage inducible response exists in

mammalian cells. Expression of several cellular proteins, some of

which have been identified, is affected by DNA damaging agents. Still,

the functional role of these proteins in the development of the

cellular response to DNA damage remains to be elucidated.

B. Gene amplification

Under a variety of cytotoxic conditions which slow down or arrest

a number of replication forks, increased copy number or gene

amplification at many different loci has been demonstrated. Premature

fork arrest triggers a mechanism that leads to the disproportionate

DNA replication in the vicinity of replication origins where the

"onion skin" structure can be generated as proposed by Sambrook and

coworkers (67) (fig.2). Excision events might occur for some of these

amplified DNA sequences and lead to appearance of extrachromosomal

sequences such as double-minute chromosomes (DM) (2,71). Insertion of

these DMs back into a chromosome will produce new combinations of

genetic material (fig.2). This mechanism is probably responsible for

generation of tandemly repeated sequences called homogeneously

staining regions (HSR) (2).

The mechanism by which premature arrest of the replication fork
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Figure 2. Generation of "onion skin" structures, double
minutes extrachromosomal elements (DM) and homogeniously
stained regions (HRS) during amplification. From Alitalo and
Schwab (2).

induces reinitiation of DNA synthesis at the origin of replication is

not known. Recently AP4A has been proposed to transmit such a signal

(82). In growth stimulated cells a transient increase in

intracellular Ap^A concentration upon Gj-S transition is found (60).

Furthermore, addition of Ap^A to pertneabilized quiescent mammalian

cells stimulates their DNA replication (29). In vitro Ap^A can be

synthesized by many aa-tRNA synthetases (ref.in 82). Surprisingly,

one of the aa-tRNA synthetases, a tryptophanyl-tRNA synthetase, has

been found to be tightly associated with the DNA polymerase alpha

(61). This finding allowed Varshavsky to propose for AP4A a function

as a pleiotropically acting alarmone, i.e. a signal which upon
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induction triggers a network of different reactions (82). According to

his hypothesis, the tryptophanyl-tRNA synthetase associated with DNA

polymerase alpha produces Ap^A or a related adenylated nucleotide

upon premature arrest of the replication fork, which then transmits

the signal to other replication forks, inducing amplification.

The cellular response to cytotoxic agents by amplification would

increase the probability of cell's survival during subsequent

selection for a specific phenotype, as has been shown for development

of drug resistance (3,75). Methotrexate (MTX) is one such a compound.

MTX, a 4-amino analog of folic acid, specifically inhibits the enzyme

dihydrofolate reductase (DHFR) and this inhibition leads to

perturbation of DNA synthesis and finally to cell death. It has been

demonstrated that acquisition of resistancy to MTX is coupled to

amplification of the DHFR gene (ref.in 3). Further experiments have

shown that after irradiation with UV light or treatment with

hydroxyurea (HU) the probability that cells become resistant to MTX

drastically increases (12). In the majority of cases this is due to

amplification of the gene encoding the DHFR enzyme. Thus, incomplete

inhibition of DNA synthesis by UV light, MTX or HU may facilitate the

generation of "onion skin"-like structures at origins of replication

and subsequently result in amplification of the DHFR gene.

Simultaneous treatment of cells with proliferation stimulating agents

such as a growth hormone or a tumor promoting agent like TPA, and

agents which interfere with DNA replication (MTX, for example) also

leads to increased cell survival during MTX selection (8,81). This

increase in survival has been shown to be due to DHFR amplification.

Thus, mitogenic hormones and tumor promoters may facilitate

amplification via increasing numbers of cells entering a replicative

state in the presence of a cytotoxic drug. Not all cells are able to

amplify their DHFR under conditions of a single-step MTX selection.

Only a few amplify it up to about 16-fold during the same selection

time suggesting that some cells in the parental population may be

more prone to gene amplification than others. These cells should

amplify other genes more frequently as well and under the proper
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selection conditions can acquire a transformed phenotype. Thus,

cytotoxic drugs, such as MTX could function by enhancing the

frequency of gene amplification in general and subsequently function

as a selecting agent for those cells in which amplification of the

gene, responsible for drug resistant phenotype (in case of MTX the

gene coding for DHFR enzyme) had occurred. The development of

resistance to cytotoxic agents in tumor cells is one of the causes of

failure in cancer chemotherapy. During the treatment tumors become

resistant simultaneously to many of the commonly used structurally

unrelated drugs, thus acquiring a multidrug resistant (mdr) phenotype

(75). Multidrug resistant human cell lines have been shown to contain

two amplified DNA sequences: mdrl and mdr2, whose level of

amplification correlates with the level of drug resistance (65).

Recently, it has been shown that amplification of the mdr region is

preceeded by transcriptional activation of the mdrl locus (74). Thus,

activation of the mdrl locus by mutations may facilitate its further

amplification and development of drug resistance.

Amplification has also been implicated in virus induction by

DNA-damaging agents and various DNA synthesis inhibitors in certain

polyoma or SV40 transformed cell lines (6,11,36,41). In the case of

SV40, it is assumed that DNA replication is initiated at the site of

the viral origin of replication in the presence of a specific viral

protein, the large T antigen. Unregulated initiation of replication

of the viral genome would amplify integrated viral and adjacent

chromosomal sequences which, by recombination, may lead to complete

extrachromosomal viral sequences.

Gene amplification of a proto-oncogene as a result of cytotoxic

treatment can be one of the mechanisms that leads to the activation

of an oncogene and the generation of the transformed phenotype.

Amplification of two oncogenes from the ras-family (Ki-ras and Ha-ras)

has been demonstrated in hamster cells after incorporation of

iodine^-' into their DNA (23). Cellular oncogenes such as c-myc, L-

myc, N-myc, c-erb, c-abl and c-ras, have been found amplified by 10 to

100 fold in several tumors (for reviews, see 2,9). In each instance
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the amplified oncogene is expressed far above levels usually

encounted in normal cells. When tumor cells show karyotypic evidence

of gene amplification, notably DMs or HSRs, amplified copies of the

cellular oncogene are situated frequently in the karyotypic

abnormality (2).

In spite of numerous cases of oncogene amplification in various

tumors, the direct involvement of DNA damaging agents in the

development of neoplastic transformation via gene amplification

remains to be proven.

C. Chromosomal rearrangements

Direct evidence for the involvement of cytotoxic agents and

carcinogens in the activation of proto-oncogenes via chromosomal

rearrangements is scarce. Recently, it has been shown that

transcription of the yeast Ty transposable element is induced by UV

irradiation (63). An increase in the transcription of the Ty element

is correlated with an increased mobility of this element within the

yeast genome, i.e. transposition. Thus, UV irradiation could lead to

increased transposition and subsequently to rearrangements of genetic

material, affecting gene expression. Because of the similarity in

structure of transposable elements and retroviruses/proviruses and LTR

sequences, this finding might have important implications for higher

organisms.

Treatment of a nontumorgenic human osteogenic sarcoma cell line

with N-methyl-N'-nitronitrosoguanidine (MNNG) activates the met-

oncogene by fusion of unrelated sequences from chromosome 1 and 7

(56). MNNG is a direct-acting carcinogen known to cause G to A

transitions. However, it is also clastogenic, that is it induces

chromosomal aberrations, and cells treated in culture show elevated

levels of sister chromatid exchange. Thus MNNG may have promoted the

event(s) leading to activation of the met-oncogene upon

translocation. Carcinogen-induced mouse plasmocytomas have been shown

consistently to contain a c-myc oncogene activated by chromosomal
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translocation (ref.in 7). The mechanism of activation of several other

oncogenes, such as c-abl, c-mos, e-myb by translocation (for reviews,

see 2,78) might resemble the activation of the met and c-myc

oncogenes by carcinogens.

A considerable amount of evidence has accumulated supporting the

existance in mammalian cells of an inducible response to various DNA-

damaging agents. The activation of this system can lead to changes in

gene expression via induction of mutations, gene amplification,

recombination and chromosomal rearrangements and under proper

selection to oncogenic transformation. The main principles of this

response are still to be revealed.

II. REGULATION OF HEAT SHOCK RESPONSE

Upon exposure to temperatures a few degrees above normal cells

exhibit changes in their patterns of transcription and translation,

resulting in the massive synthesis of a small number of proteins.

This reaction known as the heat shock (hs) response has been

demonstrated in Drosophila in 1962 for the first time (62). Since then

in a variety of organisms as diverse as bacteria, plants and man the

hs response has been found(for reviews, see 13,39,52,72). The pattern

of heat shock induced proteins (hsp) varies between species, but in

all so far examined two size classes of hs proteins have been found:

large hsps with molecular weights of 68K-110K (hsp70 and hsp90 are

"universal") and small hsps with molecular weights of 15K-30K.

Analysis of cloned hs genes of Drosophila, Xenopus, yeast and E.coli

indicates that the hsp90 and hsp70 protein sequences have been highly

conserved during evolution. The small hs proteins appear to be species

specific. In addition, a family of genes, 75 to 80 % homologous to

hsp70, and termed heat shock cognate genes has been discovered first

in Drosophila and later in other organisms, including yeast, mouse

and human (55). These hs cognate genes are expressed in unstressed
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cells and are important for normal growth. Transcription experiments

in heterologous cells have demonstrated that the signal system as

well as the hs-specific promoter elements are highly conserved among

different organisms: the Drosophila hsp70 gene is heat shock

inducible in Xenopus oocytes and in cultured mammalian cells (ref.in

13), and also the nematode C.elegans hspl6 regulatory sequences are

correctly recognized in mouse cells (33). The universality of the hs

response allows one to establish the main principles of the regulation

of gene expression under normal and stress conditions and to unravel

the pathway of communication between environment and cellular

genome. Recently, substantial evidence has accumulated suggesting

that the system of ubiquitin-Hnked protein degradation plays a key

role in this communication (27,50).

A. The ubiquitin-linked protein degradation system and its cellular

function under normal conditions

In eukaryotic cells, two systems of protein degradation exist: a

lysosomal system which is used predominantly for proteolysis of

endocytosed proteins, and a nonlysosomal ATP-dependent system which is

probably responsible for most of the highly selective turnover of

Intracellular proteins (27). The latter system consists of several

components, most notably ubiquitin, a small protein of 76 amino acids.

The amino acid sequence of ubiquitin is one of the most conserved

known. Being identical in human and insects, it differs from the amino

acid sequence of yeast ubiquitin only by 3 amino acids (54). Ubiquitin

occurs in cells either free or covalently coupled to a variety of

cytoplasmic, nuclear and cell surface proteins, the most abundant of

which is apparently histone H2A- The ubiquitinated H2A histone

substitutes for one or both of the nucleosomal H2A molecules in 10 to

30 % of nucleosomes and occurs preferentially within transcribed

chromosomal regions (37).

The enzymatic pathway of ubiquitin-dependent proteolysis has been

recently elucidated in reticulocyte extracts and is given
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schematically in figure 3 (ref.in 15). At the first step of this

pathway ubiquitin is covalently coupled via its carboxyl terminus to

the N-terminus or to lysine residues of protein substrates. More

than one ubiquitin molecule can be joined to a single protein

molecule* These ubiquitin-protein conjugates are subsequently degraded

into peptide fragments by an as yet unidentified specific

proteinase(s). Finally, free ubiquitin is released for reuse via

cleavage of the bond between ubiquitin and the peptide by

isopeptidase.

Heot shock ]

I Aberrant protons I or I Damaged proteins I
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Figure 3. Ubiquitin system and the heat shock response. Heat
shock transcription factor (HSTF) is activated in the absence
of free ubiquitin, binds to the heat shock element (HSE)
sequence and activates the transcription of heat shock (hs)
genes. Modified after Burdon (13).

The ubiquitin system has been shown to be involved in the

turnover of short-lived proteins. Most cellular proteins turnover at

a significant rate. Moreover, certain regulatory proteins are
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exceptionally short-lived. The intracellular levels of such unstable

proteins can be adjusted through regulated changes in their rates of

synthesis or degradation. Recent biochemical and genetic evidence

indicates that, in eukaryotes, covalent conjugation of ublquitin to

short-lived intracellular proteins is essential for their selective

degradation (27). The ubiquitin-dependent system is also suspected to

participate in the regulation of gene expression by a locus-specific

modification of chromatin structure via nuclear ubiquitin-dependent

proteolysis of histones (37). The elimination of abnormal

polypeptides is one of the main functions of ubiquitin. Whether

damaged proteins are processed by the ubiquitin system exclusively by

degradation, remains to be established. Alternatively, certain

denatured proteins might be restored to their native conformation

through cycles of ubiquitination-deubiquitination as suggested by

Finley and Varshavsky (27).

B. Ubiquitin systen and beat shock

Heat shock rapidly suppresses transcription of non-hs genes

and processing and translation of non-hs mRMs, while the hs genes

become activated and the hs proteins are preferentially synthesized

(13,39). The suppresion of the transcription of the non-hs genes can

be due to the reduction in the level of ubiquitination of histone H2A

which is normally extensively ubiquitinated and which under normal

conditions is localized predominantly in the transcriptionally active

regions of chromatin (13,37,50). The induction of the hs genes occurs

probably via action of specific protein factor(s) activated by the

heat shock. One of these factors, the heat shock transcription factor

(HSTF), has been recently purified from Drosophila (ref.in 57). It has

been proposed that the binding of HSTF to specific sequences, the

heat shock elements (HSE), on the chromosome in the vicinity of the hs

promoter will lead to the induction of hs gene transcription (50,57)

(fig.3). The preferential synthesis of hs proteins after a heat shock

appears to be due both to changes in the translation mechanism that
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permits exclusive recognition of hs mRNAs and to specific structures

present at the 5'-nontranslated region of the hs gene transcripts (at

least in Drosophila) which allow preferential translation of these

mRNAs (ref.in 13).

What triggers the network of heat shock reactions ? Most stress

agents, heat in particular, have a profound effect on de_ novo

synthesized polypeptides, causing misfolding and denaturation. The

cell needs to eliminate these abnormal proteins, whose accumulation

may lead to cellular damage. Recently, it has been shown that

mlcroinjection of denatured proteins into Xenopus oocytes triggers the

activation of a coinjected Drosophila hps70 gene (4). High levels of

abnormal proteins generated after a heat shock may lead to a decrease

in the intracellular concentration of free ubiquitin, which

subsequently results in the attenuation of the turnover of the

regulatory proteins. The heat shock transcription factor (HSTF) can

be one of these proteins. It has been proposed that HSTF may be

normally present in an ubiquitinated nonactive form (57) (fig.3). An

increased level of HSTF in a non-ubiquitinated active form is

required for initiation of hs gene transcription. The induction of hs

proteins would occur when the ubiquitin-dependent proteolytic system

is overloaded and no free ubiquitin is present to bind to HSTF.

Interestingly, ubiquitin has recently been shown to be a heat

shock protein itself in yeast and chicken (10,26). The increased

synthesis of ubiquitin at the initial stage of hs reponse can be

necessary for elimination of the bulk of abnormal proteins, generated

by the heat shock treatment. Later-on accumulation of free ubiquitin

will lead to a turn off of the hs gene transcription via interaction

with HSTF and its subsequent inactivation. The involvement of the

ubiquitin-dependent protein degradation system in the generation of hs

response has been supported by experiments with the mouse cell line

ts85 (15,25). In this cell line the ubiquitin-protein conjugation

system is temperature-sensitive. A shift to the nonpermissive

temperature which does not induce the heat shock response in wild type

cells induces the synthesis of hs proteins in the ts85 cells,



suggesting that the defect in the ubiquitin system is responsible for

this induction (25).

The ubiquitin action during a heat shock response is complemented

by other hs proteins, which after the induction are found in the

nucleus (hsp 70K, small hsps) and in the cytoplasm (hsp89-90, hsp 100)

of treated cells (52,72). A mechanism of action of hsp7O in heat-

shocked nucleoli has been recently proposed by Pelham (58). This

mechanism is analogous to that of ubiquitin binding to denatured

proteins. hsp70 might recognize and bind to the hydrophobic surfaces

of proteins denatured by the heat treatment preventing the formation

of an insoluble and potentially damaging precipitate. The energy of

ATP hydrolysis then releases hsp70 from its substrate which undergoes

a conformational change during this reaction. The released substrate

would then be able to refold or reassemble into its pre-heat shock

state. It has also been suggested that ubiquitin binding to

denatured proteins facilitates their renaturation (27). In the

nucleus hsp70 and small hsps probably play a role in the reassembly of

damaged pre-ribosomal ribonuclear proteins (RNPs) and in the promotion

of the processing of pre-mRNAs (72,39), which is inhibited by heat

shock (85). In the cytoplasm hsps have been found associated with

cytoskeleton actin (hsp89-90, hsplOO) (35) and messenger RNPs (hsp70K)

(39,72). Four small Drosophila hs proteins are related to mammalian

alpha crystalin, suggesting that these hsps may have a structural role

(32). There is considerable genetic and biochemical evidence that hs

proteins, when induced, can protect cells from the otherwise lethal

effects of heat and some other agents causing intracellular protein

denaturation. This phenomenon is known as thermotolerance. Embryonic

cells, which do not express hs proteins, are extremely heat

sensitive, and the acquisition of thermotolerance correlates with the

ability to synthesize hs proteins (52).

In unstressed cells, hs proteins might also have functions. At

least some of them are synthesized during developmental stages of

Drosophila (small hsps) and the nematode C.elegans (hsp70A) or are

present in cultured cells under physiological conditions (hsp83,



34

hsp90, hsplOO) (13,39,72). hsp9O has been shown to be a component of a

non-active form of steroid hormone receptors (14). Following or during

activation of the progesterone receptor the hsp90 is released from the

complex. The functions of hs related proteins (70K-cognate) remain

obscure, but by analogy with hs proteins, they may play a role, for

example, in the intracellular transport of proteins with exposed

hydrophilic surfaces destined for the cell membrane or in protein

folding and assembly. Recently, hs cognate protein (hsc70) has been

shown to participate in uncoating of coated vesicles, formed during

endocytosis (79). Two major glucose-regulated proteins, grp94 and

grp78 share homology with hs proteins: grp78 has about 60 % homology

to hsp70 and grp78 is more than 50 % homologous to yeast hsp90 or

Drosophila hsp83 (ref.in 58). They are abundant proteins, associated

with endoplasmic reticulum (ER). Pelham has proposed that the grps

fulfil in the ER functions similar to those of hsps, namely,

solubilization of abnormal proteins and assembly of secreted proteins

(58). Though the work on the heat shock, response phenomenon is still

far from completion it has helped and will help in the future to

understand the complex cell physiology.

CONCLUDING REMARKS

Two cellular responses to DNA damage and to heat shock described

in this chapter may, in fact, share some common pathways. Recently,

two yeast DNA-damage inducible genes have been shown to be

transcriptionally regulated by the heat shock treatment (45).

Temperature stress has been also correlated with the enhanced

transposition of mobile genetic elements in maize, yeast and

Drosophila (77 and ref. therein), suggesting that heat shock may

increase the frequency of insertional mutations. Thus, both types of

stress may affect the cell by destabilization of the cellular

metabolism, exhaustion of the protective system and acceleration of

cell aging, leading to cell malfunctioning, death or neoplastic
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transformation. The main question how the cell manages to deal with

all these problems remains to be solved.
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INDUCTION OF PROTEINS AND nRNAs AFTER UV IRRADIATION

OF HUMAN EPIDERMAL KERATINOCYTES

SUMMARY

UV sensitivity of cultured human epidermal keratinocytes was

analysed at different growth conditions and compared with the

sensitivity of dermal fibroblasts derived from the same skin specimen.

No significant differences in survival curves were found between these

two cell types, although keratinocytes grown under standard

conditions were slightly more resistant to UV irradiation than

fibroblasts. The extracellular concentration of calcium appeared to

be critical not only in the regulation of keratinocyte proliferation

and differentiation, but also in the UV sensitivity of these cells:

keratinocytes grown under conditions which favour cell proliferation

(low calcium concentration) are more resistant to UV irradiation than

those grown under conditions favouring differentiation (high calcium

concentration). Two dimensional protein gel electrophoresis was used

to detect a possible effect of UV irradiation on the accumulation of

specific mRNAs in the cytoplasm and/or on the synthesis of specific

proteins. Proteins were pulse labelled in vivo with [-^S]-methionine

or synthesized Jji vitro in rabbit reticulocyte lysates on mRNA

isolated from keratinocytes before and after irradiation with

different UV doses and at different periods of time after irradiation.

Alterations in expression were demonstrated for several proteins both

in in vivo and in vitro experiments-



44

INTRODUCTION

Ultraviolet (UV) irradiation may interfere with normal skin

function and prolonged exposure to UV light can lead to skin cancer in

man. Photoproducts such as cyclobutylpyrimidine dimers generated in

DNA during irradiation can block both DNA replication and

transcription and may be implicated in initiation of the neoplastic

process. Therefore, efficient repair of DNA damage is important for

maintenance of the normal phenotype of skin cells. The most outer skin

layer, the epidermis, consists predominantly of one cell type:

epidermal keratinocytes. UV irradiation studies on these cells

cultured _in vitro might help to understand the complex process of

reparations in the skin after irradiation.

Cultured human keratinocytes have become a valuable model system

for the study of mechanisms involved in the regulation of epidermal

proliferation and differentiation, particularly since the introduction

of the Rheinwald-Green feeder layer technique for serial cultures

(1,2). In this system keratinocytes are cultured in the presence of

lethally irradiated 3T3 mouse fibroblasts, hydrocortisone, epidermal

growth factor and cholera toxin (3,4,5). Each keratinocyte formes an

island of a stratified epithelium consisting of proliferating basaloid

cells attached directly to the surface of a culture dish and

surrounded by cells undergoing progressive differentiation,

essentially similar to the jji vivo situation. The extracellular

calcium concentration appears to be critical in the regulation of

proliferation and differentiation of keratinocytes in culture (6,7).

At calcium concentrations between 0.02 mM and 0.1 mM primary cultures

of epithelial cells grow as monolayers. When the extracellular

calcium concentration is increased above 0.1 mM, the epidermal cells

rapidly become flat, form desmosomes and differentiate with

stratification to four-five cell layers.

The present study is the first in a series on the effect of UV

light on cultured human epidermal keratinocytes. Initially, we

focused our attention on the UV-induced modulation of keratinocyte
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proliferation at different growth conditions. The LTV sensitivity of

keratinocytes was compared to the sensitivity of human dermal

fibroblasts derived from the same skin specimen. It has been

demonstrated that in bacteria UV irradiation induces the expression of

several genes (8). On the protein level the induction of protein X is

the most prominent (9)- This protein identified later as rec A

protein (10) is involved in processes of DNA recombination and repair.

To determine whether a damage inducible response occurs in human

epidermal keratinocytes we analysed polypeptide patterns of [^S]-

methionine labelled proteins by two dimensional gel electrophoresis.

Proteins were pulse labelled ^n. vivo or synthesized _i£ vitro in a

rabbit reticulocyte lysate from mRNA isolated from keratinocytes,

before and after irradiation with different UV doses and at different

periods of time after irradiation. Alterations in expression were

demonstrated for several proteins both in _in vitro and îi vivo

experiments. These findings prompted us to investigate in more detail

the effect of UV light on the expression of specific genes in

epidermal keratinocytes. The results of these studies are presented

in the next chapters.

MATERIALS AND METHODS

Cell culture

A primary culture of epidermal keratinocytes derived from human

foreskin was established as described by Rheinwald and Green (1) with

some modifications according to Ponec £££^.(11). Keratinocytes were

grown in the presence of gamma-irradiated 3T3 cells in a 3:1 mixture

of Dulbecco-Vogt and Ham's F12 medium supplemented with 0.4 ^g

hydrocortisone/ml, 10~10 M cholera toxin (Schwar2/Mann), 10 ng EGF/ml

(Collaborative Research) and 5 % FCS. Cells of the second-to-fourth

passages were used for experiments. Medium containing a low calcium

concentration was prepared as a 3:1 mixture of calcium-free Dulbecco-

Vogt and standard Ham's F12 medium supplemented with 5 °i chelex-

treated FCS (12) and standard concentrations of hydrocortisone,
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determined by flame photometry. A primary culture of human dermal

fibroblasts was initiated from the dermal layer of the same foreskin

in Ham's F10 medium supplemented with 10 % newborn calf serum. Cells

of the fourth-to-tenth passages were used for experiments.

UV irradiation

For irradiation experiments keratinocytes and fibroblasts were

plated at a cell density of 20.000-80.000 cells per 6 cm dish in

duplicates. After six hours the medium was removed, cells were washed

with PBS, then PBS was removed and cells were irradiated with

different UV doses. For irradiation short wave (254 nm) UV light was

used at a dose rate of 1 J/m^ per sec. Dose rates were determined with

a UVX-radiometer (Ultraviolet Products, Inc., San Gabriel,

California). Subsequently, fresh medium was added, in case of

keratinocytes supplemented with gamma-irradiated 3T3 mouse

fibroblasts. After one week the UV-survival of the population was

determined. When keratinocytes were used for in vivo labelling oi

proteins or for the isolation of mRNA, cultures of 75 % of confluency

grown under standard conditions were irradiated. Under these

conditions only the uppermost cell layer received the doses

indicated in the text.

Survival curves

Determination of keratinocyte survival after UV irradiation by

colony forming ability (CFA) is difficult since keratinocytes tend to

reassociate into small colonies within 24 hours after seeding (13).

Therefore, the UV survival of keratinocytes and fibroblasts derived

from the same skin donor was determined in a different way. Two

approaches were chosen: measuring the optical density of cell

suspensions and incorporation of [^HJ-thymidine into cellular DNA.

Measurement of optical density: One week after treatment cells

were washed with PBS, trypsinized and resuspended in PBS containing

5 % FCS. In case of keratinocytes 3T3 fibroblasts were removed by
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vigorous pipetting with PBS of the cell cultures prior to the

trypsinization. Optical densities of cell suspensions were measured

at 550 nm. At this v/ave length the cell suspensions have the maximum

absorption which is proportional to the concentration of cells in

suspension.

Incorporation of [-%]-thymidine; One week after UV treatment

medium was refreshed by medium containing 5 jiCi/ml of [->H]-thymidine

(20 Ci/mmol, NEN) and the cells were incubated for 24 hours. After

extensive washing with PBS cells were washed in a buffer containing

100 mM NaCl, 10 mM Tris-HCl pH 8.0, 10 mM EDTA and 1 mg/ml BSA.

Subsequently, cells were lysed in 1 N NaOH during one hour and the

lysates were transferred to eppendorf testtubes. DNA was sonicated for

1 sec. to reduced viscosity and aliquots of homogenates were

coprecipitated with carrier DNA by addition of 5 % trichloroacetic

acid. Radiolabelled precipitates were collected on GF/C filters and

the amount of incorporated [%]-thymidine was determined. f.

la vivo protein labelling ?

For in vivo labelling of keratinocyte proteins [-^SJ-methionine \

(1000 Ci/mmole, NEN) was used at a concentration between 30 pCi/ml to j

125 jiCi/ml of culture medium. Fresh medium containing [3-"S]-methionine f

(at final spec.act.2-8 Ci/mmole) was added at different periods of J

time after irradiation. After two hours cells were extensively washed 1
i

with PBS to remove 3T3 fibroblasts, trypsinized and washed again. ;

Cell pellets were collected by centrifugation in eppendorf testtubes

and frozen in liquid nitrogen. Pellets were stored at -20^C for short

periods of time and used for two dimensional analyses of proteins as

described (14).

In vitro protein labelling

Poly(A)RNA was isolated from keratinocytes at different periods

of time after UV irradiation (chapter IV) and used as a template for

in vitro protein synthesis in rabbit reticulocyte lysates (15)

(generous gift of Mrs Lyda Neeleman, Department of Biochemistry,
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reaction mixture. [-^SJ-methionine (spec.act. 1000 Ci/mmol) was used

at concentration of 1.5 uCi/jil. Reactions were carried out for one

hour at 30°C and stopped by freezing at -20°C.

TWo dimensional gel electrophoresis

Equal amounts of [35S]-methionine labelled protein (150.000-

250.000 cpm) were analysed by two dimensional gel electrophoresis as

described by O'Farrell (16) and O'Farrell £ ^ ^ . ( 1 7 ) . In the first

dimension proteins were separated according to their isoelectric

points by IEF or by NEPHGE for 4 hours at 500 V with pH 3.5-10

Ampholines- In the second dimension the separation of proteins was

based on differences in their molecular weight (10 % polyacrylamide-

SDS gels, PAGE-SDS, 18). After elecrophoresis in the second dimension

the gels were fixed in 25 % methanol and 10 % acetic acid, treated

with Enhancer(NEN) for 45 min, dried and exposed to X-ray films.

RESULTS

DV survival curves

Keratinocytes form multilayers when grown _iii vitro under standard

conditions. As a consequence, after UV iriadiation only the uppermost

layer of a multicellular colony will receive the full dose. Therefore,

UV irradiation of cultured keratinocytes will result in a

heterogeneous population of cells with a varying degree of DNA damage.

To obtain a more homogeneously irradiated population cells were

irradiated six hours after plating. At this point the cells have just

attached to the surface of the culture dish and when irradiated they

all receive che same UV dose. For comparison fibroblasts derived from

the same skin donor were treated in a similar manner. The percentage

of cells which survived UV irradiation was determined in two ways.

Firstly, one week after irradiation cells were collected by

trypsinization and the number of surviving cells was estimated by
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measuring the optical density of the cell suspension and compared

with nonirradiated controls. Secondly, the amount of proliferating

cells was determined one week after UV irradiation by the

incorporation of [%]-thymidine into cellular DNA during 24 hours,

as described in materials and methods. The UV survival of

keratinocytes was compared with UV survival of dermal fibroblasts. The

results of these experiments are shown in figure 1 which summarizes

the data from experiments with cells derived from two independent

100

3

6 8 10 12 14 16 18

UV dose
J/nT1

Figure 1. Survival after UV irradiation of keratinocytes
grown at standard, 1.8 mM (0) or low, 0.06 mM (•) calcium
concentrations and of fibroblasts (A) grown at standard
calcium concentration derived from the same skin specimen.
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skin donors. The UV-survival of fibroblasts determined by the two

methods mentioned above is comparable with the survival determined by

a colony forming ability (CFA) method (19). Keratinocytes appeared to

be slightly more resistent (50 % survival at 7-8 J/m2) to UV

irradiation than fibroblast (50 % survival at 4-5 J/m2), derived from

the same skin donor.

When keratinocytes were grown in the medium containing a low

(0.06 mM) concentration of calcium which prevents differentiation of

keratinocytes they appeared to be more resistant to UV irradiation

(50 % survival at 12-13 J/m ) as compared to cells grown at standard

calcium concentration (flg.l).

Effects of UV irradiation on protein synthesis

To determine whether any change in polypeptide synthesis occurs

in keratinocytes after UV irradiation the polypeptide pattern of in

vivo -"S-labelled proteins from irradiated and nonirradiated cells

grown under standard conditions were compared by gel electrophoresis.

Under standard conditions keratinocytes form multilayers so that

during UV irradiation only the uppermost cell layer gets the maximal

irradiation. UV doses of 16, 24, 50 and 100 J/m2 were used which

corresponded to survival percentages of 25-30, 7-10, 1 and less than

1, respectively (data not shown).

Equal amounts of ̂ n_ vivo labelled proteins were analysed first by

one dimensional polyacrylamide gel electrophoresis in Laemmli buffer

under denaturating conditions (PAGE-SDS)(18). No obvious changes in

the overall protein profile were found before and after irradiation

with different UV doses and at different periods of time after

irradiation, although protein synthesis was reduced to 80-20 %

immediately after irradiation with 16-100 J/m2 (data not shown).

Therefore, high resolution two dimensional gel electrophoresis

techniques described by O'Farrell (16) and O'Farrell et^ al. (17) were

applied. In the first dimension acidic proteins were separated

according to their isoelectric points by IEF and basic proteins by

NEPHGE. In the second dimension proteins were separated according to



their molecular weight by PAGE-SDS electrophoresis. A typical two

dimensional gel analysis of acidic proteins (IEF-SDS) is shown in
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Figure 2 Two dimensional gel electrophoresis (IEF-SDS) of In
vivo [35s]-methionine labelled proteins from epidermal
keratinocytes before (a) and 12 hours after (b) irradiation
with UV doses of 50 J/m2. Arrows indicate spots,
corresponding to UV inducible/ repressible proteins.

fig.2, where -"s-iabelled polypeptides from nonirradiated cells and

from cells twelve hours after irradiation with 50 J/mz were separated.

No dramatic changes in the overall protein pattern can be seen after

UV irradiation. The same observation was done for cells irradiated

with different UV doses: 16, 24, 50 and 100 J/m2 and at different

periods of time after irradiation: 3, 6, 12, 24 and 48 hours (data

not shown)• However, careful inspection of the autoradiograms revealed

alterations in relative proportion of several radioactive spots

(fig.2). An increase (for spots e,f,g,h,i,j,k) or a decrease (for spot

1) in intensity occurred already 3 hours after UV irradiation and

persisted for at least 48 hours as shown in figure 3. These changes

in the abundance of specific proteins after UV irradiation were

consistently observed in keratinocytes from three independent skin

donors (fig.3). For several other proteins a UV inducible increase in
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spot intensity on IEF-SDS gels was found only in keratinocytes from

one out of three preparations: for example, in figure 2 spots

a,b,c,d. Analysis of basic proteins on NEPHGE-SDS gels revealed

consistently induction of three proteins (fig.4, spots m,n,o). This

induction was detected 3 hours after irradiation and persisted for at

least 72 hours (data not shown).

Figure 3 (left). Time course
of protein induction/repres-
sion by UV in keratinocytes
derived from three different
skin donors: A,B and C, respe-
ctively. Proteins were label-
led with [-"SJ-methionine at
various periods of time after
irradiation and resolved as in
figure 2. Only areas of inte-
rest are shown. Spots which
are not indicated by arrows
had changes in intensity not
reproducible on all autoradio-
grams.

Figure 4. Two dimensional gel
electrophoresis (NEPHGE-SDS)
of iji vivo [35S]-methionine
labelled proteins from epider-
mal keratinocytes before (a)
and 24 hours after (b) irradi-
ation with UV doses of
50 J/m^. Arrows indicate
spots, corresponding to UV
inducible proteins. Spot "o"
present on the original auto-
radiograms was lost during
the process of reproduction.
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Effects of UV irradiation on accumulation of mRNAs in the cytoplasm of

fceratinocytes

To find out whether mRNA preparations isolated from keratinocytes

at different periods of time after UV irradiation contain mRNAs whose

concentration in the cytoplasm changes after irradiation we

analysed on two dimensional gels (IEF-SDS) the products of

translation of these mRNAs in rabbit reticulocyte lysates. Equal

amounts of in vitro labelled proteins were loaded on each gel. In

figure 5 the overall patterns of proteins labelled during i£ vitro

translation of the mRNA preparation isolated from nontreated and UV

irradiated cells are shown. Significant increase in spot intensity is

-58

-42

Figure 5. Two dimensional gel electrophoresis (IEF-SDS) of ^n
vitro [35S]-methionine labelled proteins, translated from
mRNAs isolated from keratinocytes before (a) and 12 hours
after (b) irradiation with UV doses of 50 J/m2. Arrows
indicate spots, corresponding to the proteins which were
reproducibly induced by UV irradiation. Circle indicates the
position of 56K keratin.

observed on a IEF-SDS gel for spots p,q,r,s,t,u,v,w,x,y (fig.5)

already 3 hours after irradiation and persists for at least

48 hours as indicated for spots q,r,s in figure 6.



DISCUSSION

Analysis of the results obtained on UV sensitivity of

keratinocytes and fibroblasts derived from the same skin specimen and

grown under standard conditions JJI vitro show no significant

difference between these two cell types. In this respect it is worth

to mention the results of Taichman and Setlow (20) and Hanawalt et_ al.

(21), who have reported that the extent of DNA repair after UV

Figure 6. Time course of induction by UV. Messenger RNA was
isolated at various periods of time after irradiation,
translated in reticulosyte lysates and the proteins were
resolved as in figure 5. Only areas of interest are shown.
Spots which are not indicated by arrows had changes in
intensity not reproducible on all autoradiograms.

irradiation was similar in keratinocytes and fibroblasts. However,

keratinocytes grown at low calcium concentration (0.06 mM) show a

higher resistance to UV light than keratinocytes grown at standard

calcium concentration (1.8 mM). There are several possible

explanations for this phenomenon. The sensitivity might be explained

by the UV stimulation of differentiation of the keratinocytes

growing in the presence of standard calcium concentration. The UV

irradiated keratinocytes growing at low calcium concentration which

retards differentiation might still be capable to initiate cell

division after the repair of DNA damage. Recently, it has been shown

that the DNA repair capability in basal cells is much greater than

that in differentiated cells from the same skin preparation (22). It



56

has been also demonstrated that UV light exposure contributes to some

skin aging processes (23,24) which can be connected to the LTV light

induced premature differentiation of keratinocytes. The difference in

UV sensitivity of keratinocytes grown at two different calcium

concentrations might be also related to differences in proliferation,

because we noticed that under the conditions used the keratinocyte

growth in low calcium medium was slower than in standard calcium

medium. The low rate of proliferation allows more efficient repair,

resulting in a higher percentage of surviving cells. The possibility

of cell detachment immediately after irradiation which can be more

profound at standard (high) calcium concentration can not be excluded

either.

Two dimensional gel electrophoresis of la_ vivo labelled proteins

reveals no dramatic changes in overall protein pattern in cells

irradiated with different UV doses upto 100 J/m2 and after different

periods of time after irradiation. Thus, the response of mammalian

cells to UV light differs from the heat shock response in its

manifestation: after heat shock the total protein synthesis is

rapidly reduced to the synthesis of a small group of heat shock

proteins (25).

However, minor changes in radioactive spot intensity after UV

irradiation were found for several Jji vivo labelled keratinocyte

proteins. At least seven acidic proteins seem to be induced on two

dimentional gels and the expression of one acidic protein is reduced

consistently Jin vivo in keratinocytes derived from three independent

skin donors (fig-2 and 3, spots e,f,g,h,i,j,k,l). Reproducibly,

induction of three basic proteins was demonstrated for one

preparation (fig.A, spots m,n,o). Induction of several other proteins

was not in all cases detectable (fig.2, spots a,b,c,d). The expression

of these proteins can be sensitive to minor variations in growth

conditions which can lead to increased background synthesis of these

proteins in nonirradiated cells. We can not exclude the possibility

that some of the induced proteins represent those polipeptides which

are preferentially expressed in proliferating cells of the basal
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layer. In our experimental system these cells are less exposed to UV

light and as a consequence the protein synthesis in these cells is

less affected by irradiation. This may lead to the relative increase

in radioactivity incorporated into these polypeptides.

There is no clear correlation between the proteins induced by UV

irradiation JLii vivo and the proteins synthesized jLn vitro on mRNAs

from irradiated cells, except may be, for radioactive spots e,f,g,h,k

(fig.2 and 3), which may correspond to spots u,v,w,x,y (fig.5),

respectively. The differences in induction patterns can be due to the

protein modification ^n vivo leading to differences in migration

properties of induced proteins. Regulation of expression of UV

inducible proteins on the level of mRNA translation or protein

stability can not be excluded either. This might be the case for the

protein represented in fig.2 by spot i, since the mRNA corresponding

to this protein is present in nonirradiated cells at the same level as

in UV irradiated cells (fig.5, spot * ) .

Recently, by two dimensional gel eiectrophoresis eight proteins

have been found to be inducible in human fibroblasts by 12-0-

tetradecanoylphorbol 13-acetate, mitomycin C and UV irradiation (26).

Although it is difficult to compare two dimensional protein patterns

obtained in different laboratories and from different cells, it seems

that the proteins induced in fibroblasts and keratinocytes by UV

irradiation are not identical.

The functions of the proteins whose induction or repression after

UV irradiation is detectable on two dimensional gels are unknown. They

may be involved in DNA repair and the regulation of cell

proliferation or in the protection of cells against irradiation and

the reparation of damaged cellular structures. Recently, we have

isolated cDNA clones, corresponding to mRNAs whose level increases in

the cytoplasm of UV irradiated keratinocytes (chapter IV). Among

these cDNA clones, sequences have been identified corresponding to

50K, 56K and 50K- and 46K-related keratins, to the protease inhibitor

cystatin A and to glyceraldehyde 3-phosphate dehydrogenase. Since

keratins are the most abundant proteins in cultured keratinocytes a
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two-to-three fold change in the level of their synthesis after UV

irradiation as expected from the increased level of the keratin mRNA

is difficult to detect by the gel system we used.
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EFFECTS OF UV, 4-NQO AND TPA ON GENE EXPRESSION

IN CULTURED HUMAN EPIDERMAL KERATINOCYTES

SUMMARY

In an approach to study effects of ultraviolet light (UV) on gene

expression in human epidermal keratinocytes, a cDNA library was

constructed from poly(A)RNA isolated after UV irradiation from

cultured keratinocytes. The cDNA library was differentially screened

with labelled cDNA probes synthesized on poly(A)RNA isolated from UV

irradiated or nonlrradiated keratinocytes. Forty clones were selected

and subjected to further analysis, 31 of them are described in this

report. Whereas total mRNA synthesis is reduced after UV irradiation

or treatment with 4-nitroquinoline 1-oxide (4-NQO) Northern blot

analysis revealed that there is an at least relative increase in the

level of mRNAs corresponding to the majority of the isolated cDNA

clones- Among these fifteen were identified as corresponding to mRNAs

for 50K and 56K keratins and for 50K- and 46K-related keratin. In

addition, clones were found corresponding to the proteinase inhibitor

cystatin A and to glyceraldehyde 3-phosphate dehydrogenase. Treatment

of keratinocytes with the tumor promoter 12-0-tetradecanoylphorbol 13-

acetate (TPA) had no effect on the mRNA level for most of the clones.

However, we observed a decrease in the concentration of keratin mRNAs

upon TPA treatment. Our results indicate that in epidermal

keratinocytes the DNA damage leads to an at least relative increase in

the level of some mRNAs.
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INTRODUCTION

Irradiation with ultraviolet (UV) light has numerous effects on

living cells. In bacteria a set of reactions known as SOS response

is triggered by UV light (41). The induction of this process has been

studied intensively in E.coli where the expression of a large number

of enzymes involved in different steps of DNA replication,

recombination, repair and cell division is under the control of the

lexA-recA regulatory mechanism (17). In mammalian cells no direct

evidence has been found for the existence of an SOS-like response

(15). However, irradiation of cells prior to infection enhances both

the survival and mutagenesis of UV irradiated virus (5). This

enhancement resembles a similar phenomenon in E.coli where it has been

shown to be part of the SOS response (41). Therefore, it is feasible

that also in mammalian cells UV light induces new enzymatic

activities which facilitate survival of irradiated virus and which

are involved in processes of DNA replication, repair and cell

division. This prompted us to initiate a study on the detection of

genes activated in human cells by UV irradiation.

Most studies on the response of human cells to UV irradiation

have been carried out with dermal fibroblasts. In situ the effects of

UV irradiation on dermal fibroblasts is limited because of the high UV

absorbance by the epidermis, the outermost cell layer of the skin,

consisting predominantly of keratinocytes. Three other minor cell

types of the epidermis are melanocytes, Langerhans cells and Merkell

cells. Keratinocytes are functionally specialized to protect the

organism against damaging effects of different external agents,

including UV light. Therefore, they represent an attractive model

system to study the influence of UV irradiation on gene expression.

A cDNA library was prepared using poly(A)RNA isolated from

cultured epidermal keratinocytes after UV irradiation. The method

originally used by Scott ̂ t_ ̂1.(38) for the isolation of mouse genes

activated in SV 40-transformed cells was chosen to screen this library

for cDNA clones corresponding to those mRNAs whose concentration
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increases in the cytoplasm after UV exposure. Forty clones were

selected for further analysis, 31 of which are described here.

MATERIALS AND METHODS

Enzynes and chemicals.

Terminal deoxynucleotidyl transferase, E.coli DNA ligase and

ribonuclease H were from PL Biochemicals. E.coli DNA polymerase I, T4

DNA ligase and RNase inhibitor RNasin were from Promega Biotec AMV

reverse transcriptase was kindly provided by Dr.J.W.Beard

(St .Petersburg) and was used in the initial stage of this work; later

AMV reverse transcriptase was purchased from Promega Biotec. Other

chemicals: SI nuclease (Sigma), 3H-labelled polyrU and 32P-labelled

dCTP (Amersham), Poly(U) Sepharose (Pharmacia), M-amino benzyl-

oxymethyl-cellulose (Miles laboratories). All cell culture media were

from Gibco. Cholera toxin was from Schwaz/Mann, epidermal growth

factor from Collaborative Research. TPA (12-tetradecanoylphorbol-13-

acetate) was from Sigma and 4-NQO (4-nitroquinoline-l-oxide) from 1CN

K & K laboratories, Inc., Plainview, N.Y. USA.

Cell culture

A primary culture of human epidermal keratinocytes was

established essentially as described by Rheinwald and Green (32) with

some modifications according to Ponec ££ JLI. (30). Cells were grown

two or four passages, harvested after trypsinization by

centrifugation at 900 rpm for 10 min. in a MSE 2 centrifuge and used

immediately for RNA isolation.

Treatment of cells with UV, TPA and 4-NQO

For irradiation short wave (254nm) UV light was used at a dose

rate of 1 J/m^/sec. Dose rates were determined with a UVX-radiometer

(Ultraviolet Products, Inc., San Gabriel, California). Before

irradiation, cells were washed twice with a pre-warmed phosphate-

buffered saline (PBS) solution, then the PBS solution was removed and
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cells were irradiated with doses indicated in the text. TPA treatment

was for 12 hours at a concentration of 20 ng/ml. 4-NQO was used at a

concentration of 0.5 mM. Incubation of cells with 4-NQO was for 4

hours (5-10 % survival), cells were washed and fresh medium was

added. RNA was isolated 12 hours later.

RNA isolation

All operations concerning RNA isolation were carried out at 0-

4°C. Total cytoplasmic RNA was isolated from 10-20 X 106cells as

follows. After trypsinization cells were collected by centrifugation.

The cell pellet was resuspended in 10 volumes of a buffer containing

10 mM Hepes (pH 7.5) and 1 mM EDTA. Cell membrane was disrupted in a

Dounce homogenizer. The cytoplasmic fluid was clarified from cell

debris, nuclei and mitochondria by centrifugation at 12,000 rpm for

20 rain at 4^C in a Sorvall SS-34 rotor. The supernatant was extracted

twice with an equal volume of water-saturated phenol in the presence

of 0.5 7, (w/v) SDS and 100 mM Tris pH 9.0, and twice with an equal

volume of chloroform. RNA was precipitated by the addition of sodium

acetate (pH 4.8) to 0.3 M and 2.5 volume of ethanol. The precipitate

was stored at -20°C until required. RNA was collected by

centrifugation at 10,000 rpm for 10 rain- at 4^C in a Sorvall HB4

rotor, dried briefly and resuspended in a buffer containing 25 %

formamide, 0.7 M NaCl, 10 mM Hepes (pH 7.4), 10 mM EDTA and 0.1 % SDS

and applied three times to a poly(U)-Sepharose column. The column was

extensively washed with the same buffer containing 50 % formamide and

0.5 M NaCl. The poly(A)RNA was eluted in 95 % formamide,

10 mM Hepes (pH 7.4), 5 mM EDTA and 0.1 % SDS. The RNA was ethanol-

prec tpl Lati.-d \ after addition of 0.1 volumes of 3 M sodium acetate,

washed and dissolved in sterile water.

Construction of pECVl vector

Vector pECVl is a derivative of pSV2-glo (25). In the SV40 part

of the plasmid the sequence between the EcoRI and BamHI sites was

deleted to remove an irrelevant part of the viral sequence (fig.l).
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In the pBR322 part the Pstl-PvuII fragment was substituted by the

Pstl-Aval fragment of pBR329. As a result the PvuII site was lost. In

the Bglll site a Kpnl linker was inserted. A HindlH-Kpnl fragment

containing a rabbit beta globin cDNA was substituted by the rabbit

beta globin second intron derived from plasmid pBR327/RchR-beta-IIIC4

(generously provided by Peter Diercks, University of Zurich). The Kpnl

site was used further for preparation of vector-primer and linker DNAs

(28). The sequence between the EcoRI site in the globin intron and

the Kpnl site is as follows: GAATTCGGTACC.

The cDNA libraries

Double-stranded cDNA synthesized on poly(A)RNA isolated from

keratinocytes 12 hours after UV irradiation with 50 J/m2 or from

nontreated cells was cloned in the pECVl vector (fig.l) according to

the procedure described by Okayama and Berg (28). pECV-1 cut with Kpnl

and tailed in a terminal transferase reaction with T's was used as

primer for cDNA synthesis. The Pstl-Kpnl fragment containing rabbit

beta globin intron and tailed at the Kpnl site with G's was used as

linker. For transformation E.coli MH 1 (10) was used. Transformants

were grown overnight in the presence of ampicillin. The cells were

pelleted and resuspended in 0.7 % peptone and 30 % glycerol and stored

at -80°C until used. Two cDNA libraries were constructed: one of

250,000 clones, corresponding to poly(A)RNA from nontreated cells and

another of 180,000 clones corresponding to poly(A)RNA from UV

irradiated cells.

Immobilization of cDNA library on cellulose

Four milligrammes of plasmid DNA from the cDNA library made on

poly(A)RNA isolated from nontreated keratinocytes were treated

according to Scott ££ al.(38) and coupled to 70 mg (dry weight) of m-

aminobenzyloxymethyl-cellulose according to the procedures of Noyes

and Stark (27). About 26 % of the DNA was bound to cellulose.

Synthesis of 32P-labelled probe and control cDNAs
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The cDNA used as a plus-probe in differential screening of the

cDNA library was synthesized on poly(A)RNA isolated from epidermal

keratinocytes 12 hours after UV irradiation with 50 J/m . cDNA

synthesis was carried out in a buffer containing 100 mM Tris (pH 7.4),

10 mM MgCl2, 50 mMKCl, 5mM DTT, 100 jjg/ml oligo dT, 1.5 unlts/ul

RNasin, 50 pg/ml poly(A)RNA, 500 jumolar dATP, dGTP and dTTP, 50 jumolar

dCTP, 5mCi/ml alpha-32P-labelled dCTP (spec.act.3000 Ci/mmol) and

1.25 U/jil AMV reverse transcriptase . Incubation was at 42°C for 2

hours. ''P-labelled cDNA was freed from its template RNA by incubation

in 0.2 N NaOH at 65°C for 15 rain., neutralized with 0.1 volumes of

3 M sodium acetate (pH 4.8) and passed over a 1 ml Sephadex G50 fine

column in sterile water. The DNA in the excluded volume was ethanol-

precipitated after addition of 0.1 volume of 3 M sodium acetate

(pH 4.8). Poly(A)RNA isolated from nontreated cells was used as a

template for the synthesis of the P-labelled minus-probe.

Hybridization to cDNA-cellulose

The hybridization to cDNA cellulose was done as described by

Scott e^ al.(38). The hybridization mixture contained about 260 ug/ml

of cDNA inserts bound to cellulose. The P-labelled cDNA probes were

used at a concentration of 4 jjg/ml. The hybridization was repeated

four times (for details see Scott et^ al). Finally, nonhybridized cDNA

probes were collected by ethanol precipitation.

Solution hybridization

The hybridizations in solution were performed in a buffer

containing 10 mM Na PIPES (pH 6.5), 1 mM EDTA, 0.2 % SDS, 2XSSC,

83 jug/ml poly(A)RNA and about 107cpm/ml 32P-labelled cDNA. The

hybridization mixture was covered with parafin oil in order to

prevent evaporation, boiled for 3 min. in a water bath, chilled on

ice. Hybridizations were carried out at 65^C for 10 hours,

corresponding to a Rgt value of ten. Reaction was stopped by addition

of cold hybridization buffer without poly(A)RNA.

Nuclease SI reaction
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SI reaction was performed in SI assay buffer, containing 30 mM

sodium acetate(pH 4.5), 250 mM NaCl, 4.5 mM ZnSO^, 10 /ug/ml denatured,

fragmented salmon sperm DNA. SI nuclease activity, sufficient to

produce a limit digest of single-stranded DNA, was determined in

advance. Incubation was at 20^c for 30 min. Reaction was stopped by

addition of EDTA to 10 mM and ethanol-precipitation.

Differential screening

Colony hybridizations were done according to Hanahan and Meselson

(11). Four replica filters, with about 3000 colonies were

differentially screened in the following way: filters number 1 and 3

were hybridized to the -^^P-labelled plus-probe and filter number 2 and

4 were hybridized to the ^^P-labelled minus-probe.

Northern blot analysis

The amount of poly(A)RNA for each RNA preparation was quantitated

by hybridization to 3H~labelled polyrU (2). Equal amounts of

poly(A)RNA, 0.1 jig per slot, were treated with glyoxal,

electrophoresed in 1.5 % agarose gels, blotted onto Gene Screen

filters (NEN) and hybridized to radiolabelled cDNA probes (33) by the

procedures described by Sarachu et al.(36).

cDNA sequencing

The cDNA inserts were subcloned in M13 vectors and sequenced

by the dideoxy chain terminating method of Sanger et al.(35).

RESULTS

Isolation of cDNA clones

A primary culture of epidermal keratinocytes derived from human

foreskin was established essentially as described by Rheinwald and

Green (32). A cDNA library of 180,000 clones was prepared on

poly(A)RNA isolated from keratinocytes 12 hours after UV irradiation

with 50 J/m^. Keratinocytes when grown Jji vitro under standard
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conditions undergo differentiation and form a multilayer of cells.

Thus, only the uppermost cell layer will receive during irradiation

the calculated UV dose. The dose of 50 J/m^ w a s chosen as the

approximate equivalent of the UV dose (18,40) shown to be optimal for

UV induction of proteins in normal human fibroblasts, growing in

monolayers (37). A second cDNA library was constructed from poly(A)RNA

isolated from nonirradiated cells. This library was used for the

depletion of the cDNA probes from abundant sequences (see below).

Double-stranded cDNA was synthesized according to Okayama and Berg

(28) and cloned in the mammalian expression vector pECVl (fig.l), a

derivative of pSV2-glo (25). The pECVl vector lacks the pBR322

Pst I

Psl I

AAAAAA
-TTTTTT

Figure 1- Construction of the vector pECVl. For details, see
materials and methods.

"poison" sequences (19) and has the rabbit beta-globin second intron

(6) situated just downstream from the SV 40 early promoter. The cDNA

was cloned in such a way that it could be expressed directly from the

early SV 40 promoter upon transfection to mammalian cells (fig.l).

For the isolation of clones corresponding to mRNAs which are

relatively abundant after UV irradiation as compared to mRNAs from

nonirradiated cells the differential screening procedure described by

Scott et al.(38) was used with some modifications. Two -̂^
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cDNA probes were prepared, one synthesized on poly(A)RNA isolated from

keratinocytes 12 hours after UV irradiation with 50 J/m2 designated:

"plus-probe" and the other synthesized on poly(A)RNA isolated from

nontreated keratinocytes called: "minus-probe". Both probes were

treated further to remove abundant sequences as outlined in fig.2.

32
Synthesis of P-labeled cDNA on mRNA from

a. i r r ad i a ted c e l l s : p lus-probe;
b. noni irradiated c e l l s : minus-probe

A H a l i n e hydro lys is of RNA

I I I . Hybr id iza t ion to ss cDNA from noni r rad ia ted c e l l s
coupled to ce l l u l ose (4 rounds)

!V. Hybr id iza t ion to poly(A)RNA from i r r a d i a t e d c e l l s
at R t=10

0

V. SI treatment

t
VI. Alkaline hydrolysis of RNA

I
V i l . H y b r i d i z a t i o n to p o l y l A I R N A from n o n i r r a d i a t e d cells

at R t=10
0

I
V I I I . D i f f e r e n t i a l screening of l i b r a r y by colony hyb r i d i za t i on

Figure 2. Schematic representation of the preparation of the
plus- and minus-probes for differential screening.

DNA from the cDNA library synthesized on poly(A)RNA from

nonirradiated cells was coupled to m-amino benzyloxymethyl cellulose

and hybridized to the plus- and minus-probes. The sequences which were

left after four rounds of hybridization were then hybridized at Rnt=10

to poly(A)RNA isolated from keratinocytes 12 hours after UV

irradiation with 50 J/m^, Nonhybridized cDNA sequences were removed by

nuclease SI treatment and the RNA in the DNA:RNA hybrids was degraded
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by alkali. At the end one-two percent of the probes was left. When at

this stage of purification the probes were used for differential

screening of replica filters, the hybridization with minus probe was

still too high. Therefore an additional step was introduced in the

purification procedure: after SI treatment and alkaline hydrolysis of

the RNA, the probes were hybridized at Rot=
10 t 0 poly(A)RNA from

nontreated cells and then used directly in differential screening. Now

only nonhybridized cDNA molecules participate in the colony

hybridizations. Almost no hybridization of the minus-probe to the

replica filter could be detected, whereas the plus-probe gave cle£*-

hybridization signals. Following this strategy 40 clones whid,

reacted positively after hybridization with the plus-probe but not

with the minus-probe were selected for further analyses and 31 of

them are described below. They constitute 0.2-0.8 % of the screened

cDNA population. cDNA clones were characterized by Northern blot

analysis, cross-hybridizations and sequencing.

Northern blot analysis

After UV irradiation total synthesis of mRNA is reduced.

Therefore, when equal amount (0.1 jig) of poly(A)RNA from keratinocytes

before and after irradiation were analysed on Northern blots, no

discrimination could be made between absolute or relative changes in

mRNA concentration after UV irradiation. For most of the clones a

relative increase in the level of mRNAs was detected in the cytoplasm

of keratinocytes 12 hours after UV irradiation with 50 J/m2 or 6 hours

after UV irradiation with 35 J/m2 (fig.3, compare lane b with lanes a

and d). The induction ranges between two and five times. It is also

apparent from figure 3 that the initial concentration of the mRNAs

varies considerably. There is no relative increase in the cytoplasmic

mRNA level after UV irradiation for clones 23 and 77. The latter was

identified later as corresponding to the alpha subunit of the human

elongation factor 1 (EF-1-alpha) (4). Apparently, these two clones

which correspond to abundant mRNAs slipped through the selection

procedure. Hybridization with EF-1-alpha was used in Northern blots as
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a b e d
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- «• 92

• - « • 264 - — a b e d
_ — - • 266

«, » mm 345
• •*• 8a

408 _ _Z
418 — ^ 426

021

Figure 3. Northern blot analysis of poly(A)RNA isolated from
keratinocytes 12 hours after UV irradiation with 50 J/m^ (a),
from nonirradlated cells (b), from keratinocytes 12 hours
after a 4 hour treatment with 0.5 mM 4-NQO (c). from
tceratinocytes 6 hours after UV irradiation with 35 J/nr (d).
In case of clones 266 and 8A subclones, which do not
hybridized to each other, were used in hybridizations. The
concentration of poly(A)RNA was determined by hybridization
to 3H-labelled polyrU (2).

an internal standard for mRNA concentration. Northern blot hybri-

dizations of the cDNA clones with poly(A)RNA isolated from

keratinocytes derived from a different skin donor gave for UV the

same result as in figure 3 (data not shown). In these hybridizations a

mouse gamma-actin cDNA was used as an internal standard.

•4-NQO introduces lesions in DNA which in E.coli can be removed

by the same excision mechanism as UV lesions (16). We have analysed

whether 4-NQO has an effect similar to UV irradiation on the levels

of mRNA corresponding to our clones. Keratinocytes were treated with

0.5 mM 4-NQO during 4 hours. Twelve hours after the treatment

poly(A)RNA was isolated and used for Northern blotting. As shown in

figure 3 lane c, an at least relative increase in mRNA levels after

4-NQO treatment is detectable on Northern blots after hybridization
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a b

« «i» act in

216

266

8a

426

Figure 4. Northern blot analysis of poly(A)RNA isolated from
keratinocytes treated for 12 hours with 20 ng/ml TPA (a) or
from nontreated cells. In case of clone 266 and 8A subclones
which do not hybridized to each other were used.

with most of the 32P-labelled cDNA clones.

In another set of experiments TPA was used as an external agent.

This tumor promoting agent has been shown to stimulate terminal

differentiation in the majority of normal cultured human and mouse

keratinocytes (14,29). Keratinocytes were treated with 20 ng/ml TPA

during 12 hours and used directly for poly(A)RNA isolation. For most

of the clones no difference could be observed in poly(A)RNA

concentrations in TPA treated and nontreated cells (data not shown).

However, at least a relative increase in mRNA level after TPA

treatment was found for clone 216 and a decrease in mRNA level after

TPA treatment was demonstrated for clones 8A, 426 and 266 (fig.4).

Hybridization to the gamma-actin mRNA serves as an internal standard.

Identification of keratin cDNA

The cDNA clones were further characterized by cross-hybridization
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and sequencing. By these analyses fifteen related clones were found

which could be divided into three groups of five clones each. After

comparison with DNA sequences of GenBank (Los Alamos, USA) by computer

analysis using UWGCG programmes, the sequences of these 15 clones were

identified as sequences of keratin genes. One group of five cDNA

clones was derived from a mRNA encoding 56K keratin (12), five other

clones were derived from mRNA encoding 50K keratin (13). The third

group of five clones represent a keratin whose sequence is homologous

to 50K and 46K keratins (13,31). The sequence of the longest cDNA

clone from the third group, clone 266, is shown in figure 5. This

clone has an insert of 956 nucleotides which represents about 60 % of

the mRNA. The first 687 nucleotides of clone 266 show homology with

the DNA sequences of 50K and 46K keratins of 92 % and 84.3 %,

respectively. This leads to a homology on the protein level of 90.8 %

between clone 266 and 50K keratin and of 88.2 % between clone 266 and

46K keratin (fig.6). Beyond nucleotide 687 a horaology of 41.7 % is

found between the deduced protein sequence from clone 266 and 50K

keratin, but only when a deletion of 9 amino acids in the C-terminus

of the protein sequence of clone 266 is postulated (fig.6). There is

almost no (6.8 %) homology on the protein level between clone 266 and

46K keratin in this region. This indicates that the C-termini of these

three keratins are heterogenous beyond the alpha-helical domain

predicted from the amino acid sequence of 46K and 50K keratins

(31,13)(fig.6). In the 3'-noncoding region clone 266 has 40 % homology

with 50K and 46K keratin mRNAs.

Other identified sequences

The protein sequence deduced from the DNA sequence of clone 200

appeared to have 91,8 % homology (preliminary results) with the

protein sequence of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

from human muscles (26). The sequence of clone 283 corresponds to the

sequence of cystatin A or stefin, a human protein inhibitor of

cysteine proteinases (20, chapter V).
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D E F R T K F E T D Q A L R I S V E A D I N G L R R V L D E
GATGAGTTCCGCACCAAGTTTGAGACAGACCAGGCCCTGCGCCTGAGTGTGGAGGCCGACATCAATGGCCTGCGCAGGGTGlT&GATGAG

10 30 50 70 9U

L T L A R A D L E M Q I E N L K E E L A Y L K K N H E E E M
CTGACCCTGGCCAGAGCCGACCTGGAGATGCAGATTGAGAACCTCAAGGAGGAGCTGGCCTACCTGAAGAAGAACCACGAGGAGGAbATG

110 130 150 17U

N A L R G Q V G G E I N V E M D A A P G V D L S R i L N E M
AACGCCCfGCGAGGCCAGGTGGGTGGTGAGATCAATGTGGAGATGGACGCTGCCCCAGGCGTGGACCTGAGCCGCATCCTCAACGAbATG

190 210 230 260 i'!^

R D Q Y E K M A E K N R K D A E D W F F S K T E E L N R E V
CGTGACCAGTATGAGAAGATGGCAGAGAAGAACCGCAAGGATGCCGAGGATTGGTTCTTCAGCAAGACAGAGGAACTGAACC'XOAG&TG

290 310 330 350

A T N S E L V Q S G K S E I S E L R R T M U . A L E I E i y S
GCCACCAACAGTGAGCTGGTGCAGAGTGGCAAGAGTGAGA7CTCGGAGCTCCGGCGCACCATGCAGGCCTTGGAGATAGAGCTGCA&TCC

37U 390 410 430 45u

Q L S M K A S L E G N L A E T E N R Y C V Q L S Q i y G L I
CAGCTCAGCATGAAAGCATCCCTGGAGGGCAACCTGGCGGAGACAGAGAACCGCTACTGCGTGCAGCTGTCCCAGATCCAGGGGCTbATT

470 490 510 bJU

G S V E E Q L A Q L R C E M E Q Q N Q E Y K I L L D V K T R
GGCAGCGTGGAGGAGCAGCTGGCCCAGCTTCGCTGCGAGATGGAGCAGCAGAACCAGGAATACAAAATCCTGCTGGATGTGAAGAtbCjb

550 570 590 faio bi'u

L E Q E I A T Y R R L L E G E D A H L T O Y K K E P V T ; R
CTGGAGCAGGAGATTGCCACCTACCGCCGCCTGCTGGAGGGAGAGGATGCCCACCTGACTCAGTACAAGAAAGAACCGGTGACCACCCL . "

650 670 690 710

Q V R T 1 V E E V Q . D G K V I S S R E Q V H Q T T R
CAGGTGCGTACCATTGTGGAAGAGGTCCAGGATGGCAAGGTCATCTCCTCCCGCGAGCAGGTCCACCAGACCACCCbCToAGbALTCAiiL

730 750 770 79U «i^

TACCCCGGCCGGCCACCCAGGAGGCAGGGACGCAGCCGCCCCATCTGCCCCACAGTCTCCGGCCTCTCCAbCCTLAuCLCCCTuCircA-o
B30 850 870 «9U

TCCCTTCCCCATGCTTCCTTGCCTGATGACAATAAAAGCTTGTTGACTCAGCTATGAn
910 930 950

Figure 5. Nucleotide sequence of the insert of clone 266. The
amino acid sequence corresponding to the open reading frame
is indicated (the standard one-letter code is used). A
possible polyadenylation signal occurring in the 3'-noncoding
region is underlined.

Non identified sequences

The sequences of clones 23, 92, 216, 264, 345, 408, 418, D21 and



77

148 have no homology to sequences from GenBank (Los Alamos, USA) or to

amino acid sequences from the NBRF data bank.. The sequence of clone

64 and 313 has not been determined due to the long C-tail at the 5'-

termini of these clones and a lack of suitable internal restriction

enzyme sites-

266 1 OE^RTI<F1iTDQ*(LR|L|sVEADlNGLRRVLDELTLARAOLEMQlE]MLKEELAYLKKNHEEEMNALRGQVGi
5 0 K 197ODFRTKYETELljL(WSVEADINGLRRVLOELTLARADLEMQIESLKEELAYLKKNHEEEHNALRGQVGGD
4 6 K 1 9 7 DDFRTKYE|ARTGJLRlOTlVEAD^GLRRVLDELTLARiTbLEMOIEGLKEELAYLjR>CNhEEEM^LRGqfliGGD

I:'MVEHDAAPGVDLSRLLNEMROQREKMAEKNRKDA3DI<FFS«TEELNREVATNSELVQSGKSEISELRRT
VNVEMDAAPGVDLSRILNEMRDQYEKMAEKNRKDAEEWFF3<TEELNREVATNSELVQSGKSEISEIRRT
y N V E M D A A P G V D L S R I L N E H R D Q Y E f * l ! : T t f c a S E L V O S f S R l S E ) V T ^ L R R i v

MQ|ALEIELQSQLSMKASLEJGN|LiA|Ei'ENiRY(3vmLSqiQGLIGSVEEQLA0LRCEMEQQNQEYKlLLDVKTR
MQULEtELQSQLSMKASLENSLEETKGRYCMQLjQlQEMIGSVEEOLAOLRCEMEQONQEYKILLDVKTfi
UjjGiLEIELQSOLSMKASLENSLEETKGRYCHQLSOlQGLIGSVEEQLAQLRCEMEOQ^pErJQjILLOVKTR

L E Q E I A T Y R R L L E G E D A H U T Q Y ^.^.KKEPVTTiRQVRTIviEEIVIQDGKVISSREQVHQirTR 2 6 6 a a
LEQElATYRRLLEGE0AHL5S5<^GS(^SHDfnsS§Rgi.RTK^Wqy;fttGKyYSfTHfQy:iLRTKN 4 7 2 a a
LEQEIATYRRLLEGEDAHLSS<X^(£Y5SREVFT5SfSSSSAVRPGPSSEQSS£SFSPGQSS 470 aa

Figure 6. Comparison of the amino acid sequence predicted
from DNA sequence of clone 266 with amino acid sequences of
50K and 46K keratins (13,31). Arrow indicates the end of the
alpha-helical domain.

DISCUSSION

The method originally developed by Scott jst_ £l_. (38) for the

isolation of mouse genes activated in SV 40-transformed cells was

slightly modified and used in this study to isolate cDNA clones

corresponding to mRNAs with elevated levels after UV irradiation as

compared to the nonirradiated situation. Most of the clones isolated

from our cDNA library corresponded to mRNAs that are already abundant

in nontreated cells. Possibly, after UV irradiation the increased

level of a large set of abundant mRNAs interferes with the detection
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of clones corresponding to the UV inducible mRNAs of lower abundance.

It has been shown recently for some genes such as the oncogenes c-abl

and c-mos and the dihydrofolate reductase gene that actively

transcribed genes are repaired faster than genes which are transcribed

with a lower efficiency (3,21). Our finding could be the result cf

such a differential repair if it holds for the majority of the genes

and also explain why most of the clones are derived from mRNA which

are already abundant in untreated cells as they are presumably more

actively transcribed. However, we can not exclude the possibility that

some of the isolated cDNA clones correspond to mRNAs which are

preferentially transcribed in the basal layer of proliferating cells.

RNA synthesis in these cells is less affected by UV irradiation than

in cells of the upper layers. This may lead to a relatively increased

level of proliferation specific mRNAs in the poly(A)RNA pool after

irradiation.

The potent carcinogen 4-NQO mimics UV effects on living cells.

The same uvrABC excision complex which repairs UV induced lesions in

the chromosome of E.coli restores DNA after the damage produced by 4-

NQO (16). It is likely that an in this respect similarly operating

excision repair system exists in eukaryotes (34). For most cDNA clones

a relative increased level of corresponding mRNA as a response to 4-

NQO treatment was detected on Northern blots, indicating that the

DNA damage might be responsible for this reaction.

Keratin proteins are very abundant intermediate filaments of

epithelial cells. More than 17 different keratins have been

identified, but usually only a subset of 2-10 keratins is expressed

in any given epithelium. Based on immunological cross-reactivity and

isoelectric point the keratin family has been subdivided into type I

or acidic keratins and type II or basic keratins. During

hyperproliferation, all stratified squamous epithelial cells express a

common set of five keratins: 46K, 48K and 50K keratins of type I and

56K and 58K keratins of type II (39). Complete nucleotide sequences

are known for 46K, 50K and 56K keratins (31,13,12). Cultured

epidermal cells express all five keratins, though the production of
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48K keratin is reduced (8). Clone 266 with a sequence highly

homologous to 50K and 46K keratins might correspond to the mRNA

encoding 48K keratin since this keratin has been shown to be related

to 50K and 46K keratins by peptide mapping (24). Additional support

for this assumption comes from the observation the;; when a subclone

containing a part of the 3'-noncoding region of clone 266 with no

homology to 50K and 46K keratins was used in Northern blot

hybridization, a mRNA of 1500-1700 nucleotides in length was detected

in the human cell line A431 (data not shown), which expresses the

48K keratin (23). The at least relative increase in the level of

mRNAs encoding 50K and 56K keratins and 50k- and 46K-related keratin

may be the result of either an increase in the keratin mRNA synthesis

and processing or a higher stability of these mRNAs. None of the

clones found corresponds to 46K and 58K keratins, although these

keratins are two abundant keratins in cultured keratinocytes. This

might suggest that the reaction to UV irradiation is not uniform for

all keratin genes.

Tumor promoters such as TPA have many direct effects on gene

expression, membrane composition and cytoskeleton organization in

mammalian cells. In cell cultures this agent has been shown to affect

expression of cellular microfilaments. TPA treatment of jji vitro

cultured chicken fibroblasts leads to reduction of beta actin

synthesis (9), whereas in chicken chondrocytes it stimulates beta

actin, fibronectin and type I collagen production (7). In the majority

of normal cultured human and mouse keratinocytes TPA induces terminal

differentiation (14,29). The at least relative decrease in the level

of mRNAs encoding 50K and 56K keratins and 50K- and 46K-related

keratin in the cytoplasm of TPA-treated keratinocytes might be the

result of this switch from proliferation to differentiation. Protein

analysis of different sections of epidermis has demonstrated the

disappearence of these keratins from terminally differentiated

keratinocytes (8).

Clone 200 shows homology to glyceraldehyde 3-phosphate

dehydrogenase from human muscles (26). This glycolytic enzyme has been



80

found to be inducible in cultured rat fibroblasts by epidermal growth

factor (EGF) and by serum stimulation (22). In this study we found a

relative increase in the level of a GAPDH mRNA after UV irradiation.

It is not clear why UV irradiation which produces lesions in DNA and

suppresses DNA replication and cell division has the same effect on

the GAPDH expression in keratinocytes, as EGF in cultured rat

fibroblasts.

Among the isolated clones a cDNA clone was identified as cor-

responding to the cysteine proteinase inhibitor cystatin A or stefin

(20). This small protein which suppresses cathepsin B among other

proteinases (1) may play an important role in regulation of different

processes initiated within the cell by UV irradiation (see chapter V).

The level of the mRNA corresponding to clone 216 changes in a

similar way after UV irradiation and after treatment with either 4NQ0

or TPA. It is interesting to find out whether heat shock or any other

"stress inducer" stimulates t'ae expression of clone 216 corresponding

gene as well.

The results of the experiments described here do not allow to

discriminate between absolute or relative increase (or decrease) in

mRNA concentration after different treatments. Therefore, it remains

to be established on what level the expression of genes whose cDNAs

were isolated by differential screening is affected by UV light or by

treatment with other DNA damaging or stress inducing agents. It might

be the result of differential expression on the level of

transcription, but as discussed above, the preferential repair of some

UV damage genes can not be excluded. The mRNA processing and stability

can also play a role in the changes of cytoplasmic concentrations of

certain mRNAs.
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IDENTIFICATION OF THE CYSTEINE PROTEASE INHIBITOR

CTSTATIN A AS A GENE WHOSE EXPRESSION IS STIMULATED IN

IN HUMAN EPIDERMAL KERATINOCYTES BY UV LIGHT AND 4-NQO

SUMMARY

A cDNA library prepared using poly(A)RNA from cultured human

epidermal keratinocytes was differentially screened with cDNA probes

synthesized on poly(A)RNA from ultraviolet (UV) irradiated or

nonirradiated keratinocytes. Among the isolated cDNA clones one clone

was identified as corresponding to the cysteine protease inhibitor

cystatin A (stefin) on the basis of sequence comparison. Northern blot

analysis shows that the level of cystatin A mRNA is significantly

increased as compared with other messengers in human keratinocytes

after UV irradiation or treatment with 4-nitroquinoline 1-oxide (4-

NQO), but not after addition of the tumor promoter 12-0-

tetradecanoylphorbol-13-acetate (TPA) to the culture medium. A

possible role of cystatin A in the protection of keratinocytes

against UV irradiation induced damage is discussed.
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INTRODUCTION

Prolonged exposure to ultraviolet (UV) light causes skin injury

and may result in skin cancer. The main target of UV irradiation in

the skin is the epidermis which consists predominantly of one cell

type, keratinocytes. Therefore, efficient restoration of keratinocyte

function after irradiation is important for the maintenance of a

normal skin phenotype.

To study the effects of UV light on human skin we used a primary

culture of keratinocytes originating from human foreskin and cultured

in vitro according to Rheinwald and Green (18). When growing _rn vitro

keratinocytes undergo terminal differentiation from actively dividing

basal cells to large immobile cornifiec! cells, and divide not only in

horizontal but also in vertical direction thus forming a multilayer

similar to the _in vivo situation. UV irradiation of such a multilayer

results in a mixed population of cells which havt received different

UV doses: the uppermost cell layer gets the highest dose, the basal

cells at the bottom, the lowest.

A cDNA library was prepared on poly(A)RNA isolated from cultured

human epidermal keratinocytes irradiated with short-wave (254nm) UV

light. By differential screening of this cDNA library with cDNA probes

synthesized on mRNA from either UV irradiated or nonirradiated cells

forty cDNA clones wi_?ii isolated (chapter IV). Among them one cDNA

clone was identified as a full length copy of a mRNA encoding

cystatin A or stefin.

RESULTS AND DISCUSSION

A cDNA library of 180,000 clones was constructed in a mammalian

expression vector in an analogous fashion as described by Okayama and

Berg (16) using poly(A)RNA isolated from keratinocytes 12 hours after

UV irradiation with 50 J/m . The probes we used to screen the library

were prepared essentially as described by Scott et_ jil_. (23) using mRNA

isolated from either UV irradiated or nonirradiated cells. Replica

filters containing about 3000 cDNA colonies were differentially
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screened with these probes. Details of the screening procedure and

characterization of the clones isolated by differential screening are

described in chapter IV. Among these clones are cDNAs for 50K and 56K

keratins, for 50K- and 46K-related keratin, for glyceraldehyde 3-

phosphate dehydrogenase and for the inhibitor of cysteine protease

cystatin A- The latter is described in more detail in this chapter.

One of the isolated cDNA clones, clone 283, contains an insert of

438 nucleotides the sequence of which is shown in fig.l. The first ATG

at nucleotides 46-48 is the start of an open reading frame which

terminates with a TAG at positions 340-342. The sequence AAAATGA

around the ATG-codon is in a good agreement with the consensus

sequence PuNNATGPu of Kozak (10). The reading frame encodes a protein

of 98 amino acids. A possible polyadenylation site (24) is located 15

nucleotides upstream from the polyA tail. However, the sequence CAYTG

which is found adjacent to the polyadenylaticn site in many eukaryotic

mRNAs (4) is not found in the 3'part of the sequence of clone 283.

On a Northern blot, clone 283 hybridizes to a messenger of about

500 nucleotides in length, indicating that the insert might represent

a full length or nearly full length copy of the mRNA. Screening of the

library with the 5'- part of the insert of clone 283 (nucleotides 1 to

306) resulted in several additional clones. Restriction analysis

revealed that most of them were of a length similar to clone 283. The

sequence of two cDNA clones, clones 242 and 301, was determined and

appeared to be identical to the sequence of clone 283, except for some

minor variations which are indicated in fig.lA. The difference in the

predicted amino acid sequence between clone 283 (242) and clone 301 is

shown in fig.IB. The variation in Lhe primary structure between the

related cDNA clones may reflect expression of different alleles or

related genes and requires further investigation.

The predicted protein sequence was compared with the amino acid

sequences of the NBRF data bank by computer analysi;. jsing UWGCG

programmes. It appeared that the amino acid sequence deduced from the

DNA sequence of clone 283 was completely identical to the amino acid

sequence of stefin. This inhibitor of cysteine proteinases has been
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isolated from human polymorphonuclear granulocytes and its primary

structure has been determined by amino acid sequence analysis (12).

Immunologically, stefin has been found to be identical to cystatin A,

a cysteine proteinase inhibitor isolated from human skin (2,9). The

name cystatin A will be used further in this chapter.

Clone 283 DNA has been used as a probe to study cystatin A

expression in human epidermal keratinocytes at the mRNA level. Effect

of different agents on the cystatin A mRNA level in the cytoplasm of

keratinocytes was examined using the Northern blot technique (fig.2).

Equal amounts of poly(A)RNA (0.1 ug) from keratinocytes before and

after UV irradiation were analysed on Northern blots. As internal

standards in the Northern blot hybridization a cDNA of human

elongation factor 1 - alpha (EF 1-alpha) was used (fig.2) as well as a

cDNA of mouse gamma-actin (data not shown). For irradiation short wave

(254nm) UV light was used. There is a relative increase in the level

of cystatin A mRNA (three to five times) three hours after UV

irradiation (50 J/m^) a s compared to the level of EFl-alpha mRNA

(fig.2A). No decline in this level is found during the first 24

hours. An increased cystatin A mRNA level is also observed six hours

after irradiation with a lower UV dose of 35 J/m (fig.2B,lane d). To

examine whether the expression of this gene is affected specifically

by UV light or by other DNA damaging agents as well cells were treated

with 4-NQO, a potent carcinogen, known to mimic the biological effects

of UV light on various living organisms. Lesions induced in DNA by 4-

NQO are removed in E.coli by the same uvrABC excision complex as UV

induced pyrimide dimers (8). It is likely that an in this respect

Figure l.A_: Complete nucleotide sequence of the insert of
clone 283. The differences with clones 242 and 301 are
indicated. The amino acid sequence corresponding to the open
reading frame is present (standard one-letter code is used).
A possible polyadenylation signal occurring in the 3'-
noncoding region is underlined. The cDNA insert of clone 283
has been subcloned in M13 derivatives and sequenced by
dideoxy chain terminating method (21). B̂ : Amino acid
sequences of clone 283 (242) and clone 301 are compared.
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Figure 2. Northern blot analysis of poly(A)RNA isolated from
primary human epidermal keratinocytes. Poly(A)RNA was
denaturated by glyoxal treatment (13) and separated on 1.5%
agarose gel. RNA concentrations were standardized using H-
labelled polyrU (5) and the same amount of RNA (0.1 pg) was
loaded into each gel track. After electrophoresis, RNA was
transferred to a Gene Screen membrane. Hybridizations were
done according to Sarachu et al (22). A: Poly(A)RNA from
control nontreated cells (a), from keratinocytes 3 (b), 12
(c) or 2A (d) hours after UV irradiation with 50 J/m2 (dose
rate 1 J/nr/sec). The blots were probed with 32P-labelled
(19) clone 283 DNA [1] or, as a control, with 32P-labelled
human EF 1-alpha cDNA [2J. B: Poly(A)RNA from keratinocytes
12 hours after UV irradiation with 50 J/m2 (a), from
nontreated cells (b), from keratinocytes 12 houres after a 4
hour treatment with 0.5 mM 4-NQO (c), from keratinocytes 6
hours after UV irradiation with 35 J/m2 (d). The blots were
hybridized with 32P-labelled clone 283 DNA [1] or with 32i=-
labelled human EF 1-alpha cDNA [2]. C: Poly(A)RNA from
nontreated cells (a) or from cells treated for 12 hours with
20 ng/ml TPA (b). The blot was probed with 32P-labelled clone
283 DNA.
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similarly operating excision repair system exists in higher organisms

(20). 4-NQO was added to culture medium at concentration of 0.5 mM.

After four hours cells were washed and fresh medium was added;

poly(A)RNA was isolated 12 hours later. On a Northern blot poly(A)RNA

from 4-NQO treated keratinocytes clearly gives a stronger signal,

when hybridized to the cystatin A cDNA probe, than poly(A)RNA isolated

from nontreated cells (fig.2B, compare lane b and c).

Proteinase inhibitors have been shown to suppress radiation-

induced transformation enhanced by TPA in mouse cell lines (11).

Therefore it was of interest to know whether the presence jf TPA in

the culture medium would influence the expression of cystatin A in

human epidermal keratinocytes. Cells were treated with 20 ng/ml TPA

for 12 hours. Poly(A)RNA was isolated and subjected to Northern blot

analysis (fig.2C): no change in cystatin A mRNA concentration could be

noticed after hybridization to cystatin A cDNA probe.

Cystatin A was originally purified from human epidermis (9). It

was localized in the cytoplasm of upper cell layers of keratinized

cells in the epidermis by an immunohistochemical method (17). In the

present study a mixed population of basal and terminally

differentiated cells has been used. No discrimination in cystatin A

tnRNA expression has been made between dividing and differentiating

cell fractions in our experiments. Therefore, the possibility exists

that the change in the level of cystatin A mRNA after UV irradiation

or treatment with 4-NQO is only occurring in a subset of the cells

used for mRNA isolation. Treatment of keratinocytes with 4-NQO has a

similar effect on cystatin A mRNA expression as irradiation with UV

light. Thus, it is possible that DNA damage induced in cells by these

two agents could be the sole signal which leads to an at least

relative increase in the level of cystatin A mRNA in human epidermal

keratinocytes. There is no change in cystatin A mRNA concentration

after TPA treatment of a mixed population of cells. However, we

cannot exclude that TPA modulates cystatin A expression in epithelial

cells on a particular stage of differentiation or at the protein

level.
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Ultraviolet exposure may cause significant skin damage. Lysosomal

rupture which occurs in epidermal cells after exposure to UV light (7)

can lead to release into the cytoplasm of lysosomal proteinases such

as cathepsins B, H and L (3). The leakage of proteinases from

lysosomes into the cytoplasm or through the cellular membrane has

been thought to be one of the causes of inflammation of the skin

induced by UV irradiation (1). The presence of inhibitors of these

proteinases such as cystatin A and the relative increase in its mRNA

level after UV irradiation suggest that this protein may play a role

in reduction of tissue damage after irradiation.

Cysteine proteinases belong to a group of endopeptidases which

may contribute to tumor cell invasion (for review, see ref.15). Their

inhibitors such as cystatin A may play an important role in regulation

of proteinase activity both in normal and pathological situations.

Certain proteinase inhibitors have been shown to block SOS

response in bacterial cells (14). In mammalian cells protei.nase

inhibitors prevent malignant transformation i_n vitro (11) and

carcinogenesis in vivo (6). One of the possible mechanisms of their

action as suggested by Kennedy and Little (11) may be an inhibition of

error-prone DNA repair which in bacterial cells is induced after

proteolytic cleavage of SOS repressors (25).
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ISOLATION, CHARACTERIZATION AND UV-STIMULATED EXPRESSION

OF TWO GENES ENCODING POLYPEPTIDES OF RELATED STRUCTURE

IN HUMAN EPIDERMAL KERATINOCYTES

SUMMARY

By screening of a cDNA library made on mRNA isolated from

ultraviolet (UV) irradiated human epidermal keratinocytes for

sequences whose relative concentration increases in the cytoplasm

after irradiation we have isolated forty cDNA clones (chapter IV).

Here we describe two distinct groups of cDNA clones which do not

cross-hybridize to each other, but nevertheless encode proteins of

very similar primary structure. Both polypeptides are small (10 and 8

KD), exceptionally rich in proline, cysteine and glutamine and have

similar repeating elements not found elsewhere. These proteins were

designated sprl and sprll (small proline rich). The presence of

prolines and cysteines suggests that they may be either structural

proteins with a strong secondary structure or metal-binding proteins

such as metallothioneins. Southern blot and sequence analysis of the

cDNAs indicate that at least the sprll group of clones represent a

family of related genes. The nucleotide sequence of both groups seems

to be conserved upon evolution. The level of mRNAs corresponding

to the two groups of cDNAs is increased in the cytoplasm of human

epidermal keratinocytes after both UV irradiation and treatment with

4-nitroquinoline 1-oxide (4-NQO) or 12-0-tetradecanoylphorbol 13-

acetate (TPA).
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INTRODUCTION

Ultraviolet (UV) light is well known for its carcinogenic effect

on human skin. Photoproducts which appear in DNA after UV exposure

may be mutagenic and can subsequently lead to skin malignancy via

mutation induction. To gain a better understanding of the

interference of UV light with normal cellular functions and of the

cellular response to a challenge with LTV light we have initiated a

study of the UV inducible regulation of gene expression in cultured

human epidermal keratinocytes by cloning genes which are induced upon

UV irradiation. A cDNA library was constructed from poly(A)RNA

isolated after UV irradiation. This library was differentially

screened with cDNA probes synthesized on poly(A)RNA isolated from

either UV irradiated or nonirradiated cells (chapter IV). Here we

describe two groups of clones of which the deduced proteins show a

striking homology at the level of both their amino acid composition

and structural organization. For both groups a relative increase in

the cytoplasmic mP^A level was detected on Northern blots after UV

irradiation and treatment with either 4-nitroquinoline 1-oxide (4-

NQO) or the tumor promoter 12-0-tetradecanoylphorbol 13-acetate (TPA).

MATERIALS AND METHODS

Cell culture and treatment with UV, TPA and 4-NQO

A primary culture of epidermal keratinocytes was established from

human foreskin according to Rheinwald and Green (16) with some

modifications descibed by Ponec £t_ ĵ l. (15). Keratinocytes were grown

in the presence of lethally irradiated 3T3 cells used as a feeder

layer. The culture medium was a 3:1 mixture of Dulbecco-Vogt modified

Eagle's medium (DMEM) and Ham's F12 medium supplemented with 5 %

fetal calf serum, 0.4 jug hydrocortisone/ml, lO"1 M cholera toxin and

10 ng EGF/ml. For UV irradiation short wave (254nm) UV light was used

at a dose rate of 1 J/m /sec. Dose rates were determined with a UVX-

radiometer (Ultraviolet Products, Inc., San Gabrial, California).



101

Before irradiation cells were washed twice with pre-warmed phosphate-

buffered saline (PBS), then the PBS solution was removed and the

cells were irradiated with the doses indicated in the text. TPA

treatment was for 12 hours at a concentration of 20 ng/ml. 4-NQO was

used at a concentration of 0.5 mM. Cell incubation with 4-NQO was for

4 hours at 37°C, subsequently the cells were washed and fresh medium

was added. RNA was isolated 12 hours later.

RNA isolation and Northern blot analysis

Total cytoplasmic RNA was isolated and poly(A)RNA was purified on

poly(U)-Sepharose as described (chapter IV). The amount of poly(A)RNA

for each RNA preparation was quantitated by hybridization to H-

labelled polyrU (3). Equal amounts of poly(A)RNA, 0.1 ng per slot,

were treated with glyoxal, electrophoresed in 1.5 Z agarose gel,

blotted onto Gene Screen filters (NEN) and hybridized to radiolabelled

cDNA probes (17) by the procedures described by Sarachu et al.(18).

Primer extension

A 20 nucleotide long primer was chemically synthesized,

corresponding to nucleotides 35-54 of clone 128. The primer was J^P-

labelled at its 5'-end by a kinase reaction according to Maniatis et

a_l. (10). Eight microgrannnes of poly(A)RNA isolated from TPA-treated

keratinocytes were used as a template for cDNA synthesis (10) in the

presence of 7.5 ng primer. The product of the reverse transcriptase

reaction was purified by electrophoresis on a 10 % polyacrylamide

8 M ureum gel. The radioactive bands were localized by autoradiography

and eluted from the gel according the procedure described by Maniatis

et al. (10).

Source of DNA and Southern blot analysis

High molecular weight DNA was isolated from cultured human

epidermal keratinocytes and a rat kangeroo cell line Pot3 (generous

gift of Dr J. de Wit, Department of Cell Biology, University of

Rotterdam) according to Maniatis et^ al.(10). DNA preparations isolated
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from hamster and mouse cell lines and from monkey kidney cell line

(CV-1) were generous gifts of Dr E. Zwarthoff (Department of

Pathology, University of Rotterdam) and Dr J. van der Lubbe (Sylvius

Laboratory, University of Leiden), respectively. Southern blot and

hybridization were performed according to Southern (20).

Sequence analysis

cDNA inserts were cloned in M13 phage vectors and sequenced by

the dideoxy chain terminating method of Sanger e_t al. (19). The

method of Maxam and Gilbert was used for the sequencing of the cDNA

product after primer-extension of mRNA with reverse transcriptase

(11).

RESULTS

A library of 180,000 cDNA clones was prepared by the method of

Okayama and Berg (14) using a mammalian expression vector, a

derivative of pSV2-glo (12). Poly(A)RNA isolated from UV irradiated

human keratinocytes was used as a template for the cDNA synthesis. The

cDNA library was differentially screened with cDNA probes synthesized

on poly(A)RNA isolated from UV irradiated and nonirradiated

keratinocytes (chapter IV). Among the 40 cDNA clones isolated and

characterized, two groups of clones were selected because of the

remarkable primary structure of the proteins deduced from their

nucleotide sequence.

Priaary structure of group I cDNA Inserts and deduced anino acid

sequence

The first group of clones (group I) consists of five related

cDNAs, notably 128, 12F, 15B, 41D and 109, which cross-hybridize to

one other. Clone 128 contains the longest insert (622 nucleotides,

flg.lA) and hybridizes on a Northern blot to mRNA of a similar length

(600-700 nucleotides), suggesting that the cDNA insert of clone 128

represents a full length cDNA. To confirm this a primer extension
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experiment was performed on poly(A)RNA isolated from keratinocytes.

The sequence of the 20 nucleotides long primer is complementary to

nucleotides 35 to 54 from clone 128 (fig.lA). The products of the

extension reaction were separated on a polyacrylamide gel. Two

specific bands migrating close to one other were detected and DNA

purified from these bands was sequenced (data not shown). The primary

structure of the slower migrating DNA appeared to be identical to the

5'-end sequence of the insert of clone 128. The sequence of the faster

migrating band is four nucleotides shorter. Thus, clones 128 indeed

represents a full length DNA copy of the corresponding mRNA.

The first ATG at positions 69-71 starts an open reading frame

of 89 amino acids which ends with the TAA stop codon at positions

336-338. The sequence AGCATGA around the ATG-codon is in a good

agreement with the consensus sequence PuNNATGPu determined by Kozak

(8) which favours the optimal translation initiation on eukaryotic

mRNAs. A possible polyadenylation signal (22) is 14 nucleotides

upstream from the poly(A) tail. However, the sequence CAYTG which is

found adjacent to the polyadenylation site in many eukaryotic mRNAs

(4) is not found in the 3' part of the cDNA insert of clone 128.

The protein encoded by the open reading frame of clone 128 is

small (Mr 9,888), basic and hydrophilic and has an exceptionally high

content of proline (29 % ) , glutamine (18 %) and cysteine (9 %)

(fig.lC). Comparison of the codon usage of the "128"protein with the

codon usage of other eukaryotic proteins (5) indicates that the "128"

codons in general belong to the frequently used ones (table 1). In

the amino acid sequence of the "128" protein two kinds of repeats can

be identified. The sequence QQQKQPCIPPPQ (amino acids 4-15) is

repeated with only one insertion and one substitution at positions 18-

30 and the octamer PKVPEPCH is repeated with some variations six times

in the "128" protein (fig.lC).

The cDNA insert of clone 12F is identical to that of clone 128,

except that the cDNA insert of clone 12F is four nucleotides shorter

(fig.lA). The differences in nucleotide and in deduced amino acid

sequences between clones 128 and 12F on one hand and clones 15B and
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TABLE 1. Codon usage in "128" and "930" proteins

amino codon 128 930 averagea amino codon 128 930 average
acid (%) acid (%)

E
E

V
V
V
V

A
A
A
A

S
S

K
K

M

I
I
I

T
T
T
T

GAG
GAA

GTG
GTA
GTT
GTC

GCG
GCA
GCT
GCC

AGT
AGC

AAG
AAA

ATG

ATA
ATT
ATC

ACG
ACA
ACT
ACC

5
1

4
0
1
1

0
1
0
1

1
0

8
3

1

1
0
2

0
0
1
2

2
0

2
0
0
0

0
0
0
0

0
1

7
1

1

0
0
0

1
1
0
0

64
35

51
7
13
27

10
17
26
45

9
30

64
36

100

11
28
60

11
22
20
45.

.5

.5

.2

.8

.1

.9

.1

.6

.5

.8

.9

.2

.0

.0

.0

.7

.3

.0

.3

.1

.7

.8

C
C

Y
Y

L
L

S
S
S

s

Q
Q

H
H

L
L
L
L

P
P
P
P

TGT
TGC

TAT
TAC

TTG
TTA

TCG
TCA
TCT
TCC

CAG
CAA

CAT
CAC

CTG
CTA
CTT
CTC

CCG
CCA
CCT
CCC

0
8

0
0

0
0

0
1
0
1

16
0

0
3

0
0
1
0

0
7
8
11

4
8

1
0

0
0

0
0
1
2

10
2

0
0

0
0
0
0

1
13
7
7

38
61

37
63

12
4

6.
10,
17,
26,

75.
24.

36.
63.

46.
5.
8.

21.

12.
19.
28.
39.

.3

.7

.0

.0

.0

.9

.1

.7

.0

.0

,4
.6

2
.8

8
5
9
9

6
3
3
1

a- codon usage in human proteins (5).

Figure l.A: The nucleotide sequence of clone 128(12F), 15B,
41D and 109. * - indicates starts of mRNAs as determined by
primer extension,r ' ' 3-sequence used as a primer, | -start of
clone 109, t - end of clone 41D. The poly(A) signal is
underlined. B: amino acid sequence of clones 128 (12F), 41D
and 15B. C: amino acid sequence of clone 128, ̂  • & I 1
indicate repeats, * - indicates amino acids which can
interact with nucleic acids. Hydrophaticity plot is according
to (21).
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41D on the other hand are indicated in figure 1A and IB, respectively.

Clone 109 contains a cDNA insert of only 333 nucleotides and its

nucleotide sequence is identical to the 3'-end sequence of clones 128

and 12F.

Primary structure of group II cDNA inserts and deduced amino acid

sequence

Initially, only one group II cDNA clone, clone 1740 was

isolated by differential screening. Rescreening of the library with

the cDNA insert of clone 1740 resulted in eight additional clones.

Based on restriction enzyme and nucleotide sequence analysis these

cDNA clones could be divided into three subgroups: the first subgroup

is represented by clones 930 and 1137 and has an internal EcoRI site;

the second group is represented by clones 174, 1480 and 375 and has

an internal PvuII site; the third group includes clones 1292, 60,

1546 and 1740 and has both internal EcoRI and PvuII sites- Each

subgroup has 90 % homology with the two other subgroups on the DNA

level. In the coding region the homology reaches 94-98 %.

The sequence of the cDNA insert of clone 930 of the first

subgroup is 682 nucleotides long (fig.2A). On a Northern blot mRNA of

700-800 nucleotides in length is detected after hybridization with

this clone. Thus, the cDNA insert of clone 930 might represent a full

length copy of the corresponding mRNA. The first ATG is at position

65-67 and is preceeded by two in frame TGA stop codons at positions

Figure 2. A: The nucleotide sequence of clone 930 (1137),
174N (375, 1480) and 1292 (60, 1548, 1740). •-indicates base
substitutions in clone 1480, •*•» - indicates base substi-
tutions in clone 375, •£ - indicates substitution in 1480 and
375. The 3'-end of lone 375 is indicated by an arrow. The
poly(A) signal is underlined. B: amino acid sequence of clone
930(1137) compared with amino acid sequence of clones 174N
(375,1480) and 1292 (60, 1548, 1740). (N)- in clone 1480 and
(S) in clone 375. * - nonsence codon in clone 1292. C: amino
acid sequence of clone 930,1 1-repeats, •-indicates amino
acids which can interact with nucleic acids. Hydrophaticity
plot is according to (21).
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44-46 and 48-50 supporting the notion that this ATG is the start of

the putative encoded protein. The sequence AGGATGT around the

initiation codon has quite a good homology to the consensus PuNNATGPu

determined by Kozak (8). The open reading frame of 72 amino acids ends

at position 280-282 at a TAA stop codon. There is no other significant

open reading frame encoded by this sequence (fig.3). A possible

polyadenylation signal (22) is fifteen nucleotides upstream from the

poly(A) tail. The sequence CAYTG (4) is not found in the 31 part of

the cDNA insert of clone 930.

The protein deduced from the nucleotide sequence of clone 930 is

small (Mr 7,830), basic and hydrophilic, as shown in figure 2C, and is

extremely rich in proline (39 % ) , glutamine (17 %) and cysteine

n

n H": ::.~

•_

Figure 3. Possible open reading frames in three subgroups of
cDNA clones. • • • -indicates the open reading frame of 72
amino acids.
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(17 % ) . Comparison of the codon usage of the "930" protein with the

codon usage of other eukaryotic proteins (5) indicates that the "930"

codons in general belong to the frequently used ones (table 1). Twelve

cysteines are distributed along the atnino acid sequences in the

following order : NyC^C^C^C^C^C^C^CNgC^CNgC^Cl^. Furthermore,

in the predicted protein sequence a nonamer PKCPEP(Q)CPP is repeated

with some alterations four times.

The differences in nucleotide sequence and in deduced amino acid

sequence between three subgroups of the cDNA clones and within the

second subgroup (clones 174N, 1480 and 378) are indicated in

figures 2A and 2B, respectively.

Comparison of the two groups of cDNA clones

When the nucleotide sequence of clone 128 (group 1) and clone 930

(group II) were compared by computer analyses using UWGCG programmes a

homology of 49 % was found in the coding region, as shown in figure 4.

-4 —I—

Figure 4. Comparison of the nucleotide sequence of clones 128
(group I) and 930 (group II). Comparison was done according
to (21) with window 21 and stringency 14, i i -indicates
open reading frames.
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No significant homology was found outside this region.

The proteins deduced from the nucleotide sequence of group I and

group II cDNA clones are small, basic and hydrophilic and appear to be

very similar in their amino acid composition (table 2). The

predominant amino acids in both sequences are: proline, glutamine,

TABLE 2. Amino acid composition of "128" and
"930" proteins

"128" protein "930" protein
89 a.a. 72 a.a.

p
Q
c
K
E
V
S
T
M
I
H
A
L
Y

26
L6
8

11
6
6
3
3
1
3
3
2
1
_

28
12
12
8
2
2
k
2
1

number of different
amino acids 13 10

cysteine and lysine, which together comprise 68.5 % and 83.3 % of the

deduced protein sequences of clones 128 (group I) and 930 (group II),

respectively. All other amino acids are represented poorly or not at

all, so that the "128" protein consists of only thirteen different

amino acids and the "930" protein of only ten (table 2).

The most prominent feature of group I and group II cDNA clones is

the presence of a striking similarity in the primary structure of

their predicted polypeptides: they both contain repeating elements

(fig.lC and 2C). Moreover, when the two amino acid sequences are

aligned it is evident that the first sixteen amino acids of the
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group II protein(s) are conserved in the N-terminal region of the

group I protein(s) (fig.5). In addition, the sequence PK*PEPC is

present both in the octamer PKVPEPCH found six times in group I and in

the nonamer PFCPEP(Q)CPP occurring four times in group II. Some

homology was also found beyond the repeating elements at the C-

termimis of group I and group II protein(s) (fig.5).

The deduced group I and group II amino acid sequence as well as

the sequence PK*PEPC were compared with the amino acid sequences of

the NBRF bank by computer analysis using UWGCG programmes. No

significant homology was found, except for a homology of the PK*PEPC

sequence with the N-terminal region of the chicken myosin LI catalytic

chain (186 amino acids): PKKPEPKKAPEPKKEEPKPAPKPAEPEPKK which has high

content of proline, lysine and glutamic acid (9).

Effects of UV, 4-NQO and TPA

Figure 6 shows a Northern blot analysis of a gel run with equal

amounts of poly(A)RNA from UV irradiated and nonirradiated cells.

Group I mRNAs are more abundant in nontreated cells than group II

mRNAs. A clear relative increase in the cytoplasmic level of mRNA

corresponding to both groups of cDNA clones is detected on Northern

1 2 8 MSSOQQKOPCIPPfiOLbOQQVKqPCqPPRqEPCIPtCTKEPCHPKVPEPCHPtCVPEPCQPKVPEPCHPKVPEPCPSlVTPAPAOQKTKQK

930

L -! L-J—.L-.

'CPIPKCPEPCPPPKCPEPCPPPKCPQPSPPQQCQQKCPFVTPSPPCQPKCPPKSK

Figure 5. Comparison of the amino acid sequence of "128" and
"930" proteins. > i -indicates repeats,BBB -indicates
homology with the sequence PK*PEPC. indicates
homology in the C-terminus.
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blots twelve hours after UV irradiation with 50 J/m^ (fig.6, lane a)

or six hours after irradiation with 35 J/m (fig.6, lane d). The level

of mRNA corresponding to the elongation factor 1-alpha (EF 1-alpha)

(fig.6) as well as of mRNA corresponding to the gamma-actin (data not

shown) does not change after this treatment. The induction ranges

between three-to-five and five-to-ten times for group I and group II

cDNA clones, respectively. Treatment of keratinocytes with a potent

carcinogen, 4-NQO, which mimics effects of UV light on living cells

(6), leads to a five-to-ten fold increase in the level of the

group II mRNA and to some what smaller increase in the level of

group I mRNA (fig.6, lane c). Incubation of keratlnocytes with the

tumor promoter TPA affects the cytoplasmic level of the mRNAs for both

groups (fig.6, lane e). The relative increase in the mRNA level in

the cytoplasm after treatment with TPA is between three-to-five and

five-to-ten times for group I and group II cDNA clones, respectively.

a b e d e f

I
m «* m JJ

Figure 6. Northern blot analysis of mRNA corresponding to
group I and II cDNA clones. Equal amounts of poly(A)RNA
(0.1 jig) determined by hybridization to 3H-labelled polyU
were separated on 1.5 % agarose gel after denaturation with
glyoxal. a and d represent poly(A)RNA from keratinocytes 12
hours after irradiation with 50 J/ar or 6 hours after with
35 J/m2, respectively, b and f poly(A)RNA from nontreated
cells, c and e represent poly(A)RNA from cells treated with
4-NQO or TPA, respectively. I - group I, II - group II, EF -
elongation factor 1-alpha (control).
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Southern blot analysis

The genomic organization of the genes corresponding to group I

and group II cDNA clones was studied using Southern blot analysis

(fig.7 and 8). After digestion with restriction enzymes Kpnl, Bglll

and BamHI which do not cut within the group I cDNA probe only one

band was detected on Southern blots (fig.7A). Further restriction

analysis by EcoRI, Hindlll and PstI enzymes and by EcoRI/PstI double

digestions indicates the presence of at least one intervening sequence

within the group I genomic sequence. Weak cross-hybridizing bands are

also detected. The group II cDNA probe was hybridized to genomic DNA

cut with PstI, Hindlll and BamHI (fig.8). These restriction enzymes do

not cut within the group II cDNA inserts. On Southern blot numerous

bands appeared when the genomic DNA is cut with PstI and Hindlll. The

bands generated by BamHI digestion are concentrated in the region of

15-25 kb. This makes it difficult the estimation of exact gene copy

number. The analysis with PstI and Hindlll indicates the presence of

several copies of group II like genes in the human genome and/or the

presence of intervening sequences within the coding region.

We have examined the genomes of other eukaryotic species for the

presence of sequences similar to group I and group II genes. DNA from

monkey, mouse, hamster and rat kangeroo were digested with EcoRI

and run on agarose gels. After hybridization to a group I cDNA probe

two bands can be detected on Southern blots with DNAs from monkey,

mouse and hamster and three bands after hybridization to rat kangeroo

DNA (fig.7B). After hybridization to a group II cDNA probe several

bands appeared on Southern blot with DNAs from monkey, mouse and rat

kangeroo (fig.8).

DISCUSSION

Two groups of cDNA clones, group I and II, were isolated by

screening of a cDNA library for sequences whose level increases in the

cytoplasm of human epidermal keratinocytes after UV irradiation.

Sequence analysis of these clones demonstrates that though the
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homology at Che DNA level is limited, the primary structure of the

deduced proteins is very similar. Analysis of the amino acid sequence

predicted from the open reading frames of group I and group II cDNA

clones revealed unusual amino acid composition, repeating elements and

overall homology in the structure of these proteins. We term group I

and group II deduced proteins sprl and sprll (small proline rich).

Comparison of the codon usage of sprl and sprll proteins with the

codon usage of other eukaryotic proteins suggests that the translation

of the group 1 and II mRNAs is not hampered by an unusual codon usage.

The high proline content largely excluded alpha-helical or beta-

sheet conformations in the secondary structure of the proteins. Only

in the first 22 amino acids of the N terminus of the sprl and 10 amino

acids of the N terminus of the sprll proteins some alpha-helix or

beta-sheat configuration could be formed (21). The repeating unit of

the sprl protein contains one cysteine per unit and the repeating unit

of the sprll protein harbors two. The cysteines can play a role in

intra- and intermolecular formation of S-S bonds and protein

di(poly)merization or form potential metal-binding sequences (2). The

high proportion of amino acids such as glutamine, lysine, serine and

threonine which were shown to mediate the DNA-protein interaction in

repressor proteins (13) indicates that sprl and II proteins might be

active in binding nucleic acids. On the other hand, the homology to

the N-terminal region of myosin LI chain (9) suggests a structural

function for these proteins.

Figure 7. . Southern blot analysis of genomic organization of
group 1 cDNA clones in men (A): DNA was digested with
Pstl/EcoRI (a), PstI (b), Hindlll/PstI (c), Hindlll (d),
EcoRl/Hindlll (e), EcoRI (f), BamHI (g), Kpnl (h) and
Bglll(i); and different mammals (B): monkey (a), mouse (b),
hamster (c), rat (d), rat kangeroo (e) digested with EcoRI.
The 32P-labelled fragement of the cDNA insert of clone 15B
used for hybridization is indicated (C). E=EcoRI, H=HindlII.
Hybridization were performed under stringent condition (10)
at 42°C in 50 % formamide and 5XSSC, blots were washed at
60°C in 2XSSC and finally in 0.1XSSC.
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Figure 8. Southern blot analysis of genomic organization of
group II cDNA clones (A) in men: DNA was digested with PstI
(a), Hindlll (b) and BamHI (c); and different mammals: monkey
(d), mouse (e) and rat kengeroo (f) digested with EcoRI.The
P-labelled fragment of the cDNa insert of clone 174N used

for hybridization is indicated (B). E=EcoRI, P=PvuII. The
conditions of hybridization and washing were the same as
those described in the legend to fig.7.
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Northern blot analysis shows that the expression of group I and

II genes is stimulated by UV light, 4-NQO and TPA. It would be

interesting to find out whether the expression of these genes is also

affected by other stress treatments like heat shock or anoxia.

The exact number of genes corresponding to group I cDNA clones is

difficult to estimate and needs further investigation. Preliminary

analysis of genomic blots indicates the presence of at least one gene

copy of app. 12kb in length, although a tandem organization of several

copies can not be excluded. A weak hybridization to multiple bands on

Southern blot can be due to the present of group I related sequences

in human genome or to the nonspecific hybridization to G-C rich

sequences since the cDNA insert used for nick translation contained

the G-C tail. The detection on Southern blot of fragments in size

smaller than the DNA insert itself suggest the presence of at least

one intervening sequence in group I gene(s). Sequence variation

between clones 128, 12F, AID and 15B (nucleotides 137, 249 and 306 in

fig.l) can be explained by expression of three, slightly different

alleles or might be the consequence of the introduction of wrong

bases into the cDNA sequence during the cDNA synthesis. Group II cDNA

clones represent a multigene family of highly homologous genes. The

stop codon at position 79 in clones 1292, 60,1 548 and 1740 (fig.2A)

is probably a nonsense mutation in one of the genes of this family

which is still expressed at a relatively high level as compared to

other group II sequences since four independent cDNA clones were

isolated carrying this mutation. Preliminary results on the presence

of group I and II genes in different mammals suggest that these genes

are evolutionary conserved.

It is worth noting that in several aspects spr I and II proteins

resemble metallothioneins (MTs). The latter constitutes a family of

small, cysteine-rich metal-binding proteins (7). The expression of

metallothioneins is induced not only by exposure to heavy metals or

glucocorticoides, but also by UV light and TPA treatment (1). However,

sprl and sprll proteins differ from metallothioneins by a high content

of proline and glutamine and by the presence of repeating elements.
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It would be interesting to find out whether the expression of group I

and group II genes could be also affected by heavy metals or

glucocorticoides.

It is still to be proven whether sprl and sprll polypeptldes

contain metal-ions and whether they can bind nucleic acids. Further

characterization of these proteins will reveal their possible role in

UV-inducible response or in any other cellular event. Recent results

obtained with the antibodies specific to the chemically synthesized

polypeptide corresponding to one of the group I genes confirm the

existance of the predicted protein _i£ vivo and indicate the

regulation of the expression of group I proteins during keratinocyte

differentiation (chapter VII).
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A NOVEL PROTEIN IN HUMAN EPIDERMAL KERATINOCYTES.

REGULATION OF ITS EXPRESSION DURING DIFFERENTIATION

SUMMARY

Recently, two groups of cDNA clones (group I and group II) have

been isolated from human epidermal keratinocytes corresponding to

genes whose expression is stimulated by exposure of the cells to UV

light, treatment with 4-NQO or with TPA (chapter VI). The proteins

deduced from the nucleotide sequence of both groups of cDNAs are small

(8-10 KD), exceptionally rich in proline, glutamine and cysteine and

contain repeating elements with a common sequence PK*PEPC. These

proteins were designated sprl and sprll (small proline rich). In this

chapter we describe the characterization of the protein encoded by the

cDNA from the group I clones, clone 15B, which is referred as the

sprla protein. The expression of this protein during keratinocyte

differentiation in vitro and the distribution of the sprla protein in

some human tissues was studied using a specific rabbit antiserum

directed against a synthetic polypeptide corresponding to the 30 amino

acids of the C-terminal region of the sprla gene product. Experiments

indicate that the expression of the sprla protein is stimulated

during keratinocyte differentiation both ̂ £ vitro and ̂ ri vivo.
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INTRODUCTION

Human epidermal keratinocytes derive from the uppermost cell

layers of the skin where they form a multilayer cell system. When

keratinocytes leave the dividing basal cell layer they start to

differentiate into large finally anucleated keratinized cells. Grown

in vitro under standard conditions keratinocytes undergo

differentiation as well resembling the in vivo situation (9). Low

calcium concentrations (< 0.1 mM) in the culture medium have been

shown to inhibit the process of differentiation so that the cells

keep dividing without differentiating into a multilayer colony

(5,13). When the calcium concentration is raised to the standard

value of 1.8mM cells are induced to differentiate and morphological

changes can be seen already within 5 min. after the switch (5). Twenty

four hours later a multilayer of differentiated cells is formed. For

this reason keratinocytes represent an attractive model system to

study changes in gene expression during cell differentiation. This

system was used to analyse the expression of a protein (sprla) whose

corresponding cDNA has been recently isolated as belonging to a family

of related sequences whose expression is stimulated at the mRNA level

by treatment of human epidermal keratinocytes with UV light, 4-NQO or

TPA (chapter VI). The sprla protein which possesses a repeated

structure is characterized and its expression is investigated in

relation to the differentiation of keratinocytes.

MATERIALS AND METHODS

Cell culture

A primary culture of epidermal keratinocytes derived from human

foreskin was established as described by Reinwald and Green (9) with

some modifications according to Ponec et al.(8). Keratinocytes were

grown in the presence of a feeder layer of gamma-irradiated 3T3 cells

in a 3:1 mixture of Dulbecco-Vogt and Ham's F12 medium supplemented

with 0.4 pg hydrocortisone /ml, 10~10 M cholera toxin (Schwarz/Mann),
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10 ng EGF/ml (Collaborative Research) and 5 % FCS. For experiments

cells of second-to-fourth passages were used. Medium containing a low

calcium concentration was prepared as a 3:1 mixture of calcium-free

Dulbecco-Vogt and standard Ham's F12 medium supplemented with 5 %

chelex-treated FCS (2) and standard concentrations of hydrocortisone,

cholera toxin and EGF. The final calcium concentration was 0.06 mM as

determined by flame photometry. The switch in calcium concentration in

the medium from high to low and vice versa was done as follows. Cells

were grown first at standard calcium concentration (1.8 mM) till

confluency. Then the calcium concentration was dropped to 0.01 mM for

two days and was raised to 0.06 mM for 1 day. The monolayers of basal

cells were freed from terminally differentiated cells by vigorous

aspiration by pipetting. Fresh medium containing standard (1.8 mM)

calcium concentration was added and 2,4,6,12 and 24 hours after this

switch cells were trypsinized, collected by centrifugation and stored

at -20°C

Expression of 15B cDNA in reticulocyte lysate

The sequence of the cDNA insert of clone 15B between the EcoRI

and Hindlll sites (fig.2) was cloned just downstream of the SP6

promoter in the SP65 vector (Promega, Biotec). The plasmid linearized

by Hindlll digestion was used as a template for in^ vitro RNA

synthesis by SP6 polymerase as described (3,4). After synthesis the

DNA template was removed from the reaction mixture by treatment with

DNase (5 ng/ml, RNase-free) for 30 min. at 37°C RNA was extracted

with phenol and after concentration by alcohol precipitation was used

further for _in vitro protein synthesis in a rabbit reticulocyte lysate

(12) (generous gift of Ms Lyda Neeleman, Department of Biochemistry,

University of Leiden). [35S]-methionine (spec.act. 1000 Ci/mmol) and

[•̂ Hj-proline (spec.act. 32.2 Ci/mmol) were used at concentration of

1.5 /iCi/ul. Reactions were carried out for one hour at 30^C and

terminated by freezing at -20^C.

RNA isolation and Northern blot analysis
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A H procedures concerning poly(A)RNA isolation and Northern blot

analysis were as described in chapter IV.

Feptide synthesis

The peptide, corresponding to 30 amino acids of the C-terminal

region of the sprla protein, was synthesized according to the solid

phase method of Barany and Merrifield (1). The protecting groups were

removed by HF treatment and the synthetic peptide was purified on a G-

25 column.

Immunization

A New Zealand White rabbit was immunized subcutaneously with

0.5 mg of the synthetic peptide dissolved in 0.5 ml phosphate

buffered saline (PBS) containing 0.5 ml incomplete Freunds adjuvants.

The animal was boosted 2,4,6 and 8 weeks after the first Immunization

by subcutaneous injections and antiserum was drawn 9 weeks after the

first immunization.

Enzyme linked immunosorbent assay (ELISA)

Wells of a microtitre plate were coated overnight at 37 C with

1 jjg of the peptide in 50 mM sodium carbonate buffer pH 9.6. After

rinsing with the same buffer, the wells were incubated for one hour at

37°C with buffer A containing 0.2 % Na2HPO4, 0.07 % NaH2PO4, 0.82 X

NaCl and 0.05 % Tween 20, pH 7.4. Then the synthetic peptide specific

antiserum diluted in buffer A was added to the wells and the plate

was incubated for two hours at 37 C. As a control, preimmuneserum

from the same rabbit was used. After extensive rinsing with PBS,

goat anti-rabbit Ig conjugated to horse radish peroxidase was added

to the wells and the plate was incubated for one hour at 37^C. After

extensive rinsing with PBS, 5-aminosalicylic acid (0.8 mg/ml) in

10 mM sodium phosphate buffer pH 6.0 containing 0.01 % H2O2 was added

as substrate to visualize the reaction-

PA6E-SDS gel electrophoresis and imminoblotting



After trypsinization keratinocytes grown _rn vitro were collected

by centrifugation. Cell pellets were lysed in a loading buffer

containing 10 mM H3P04, 2.5 % SDS, 20 % beta-mercapthoethanol and 8 M

ureum and sonicated for one second to reduce viscosity. Reticulocyte

lysate translation mixtures were diluted by the loading buffer in a

1:1 ratio. Samples were subjected directly, i.e. without boiling, to

12 % PAGE-SDS elecrophoresis (6). After electrophoresis the proteins

were transferred to nitrocellulose during two hours at a constant

current (0.2 A) in a Tris-glycine buffer pH 8.3 containing 20 %

methanol (10). Blots were baked overnight at 65°C. After incubation

for 1 hour at 37°C with PBS containing 0.5 % gelatin, blots were

transferred to the PBS solution, containing 0.5 % gelatin, 5 % normal

human serum and a 1:30 dilution of the peptide specific antiserum and

incubated while shaking for 1.5-2 hours at 370c. As a control,

preimmuneserum from the same rabbit was used. In competition

experiments synthetic peptide was added together with the synthetic

peptide specific antiserum. A concentration of 1.25 ug/ml appeared to

be most efficient in the inhibition of the immunoreaction. After

extensive rinsing with PBS containing 0.05 % Tween 20, swine anti-

rabbit Ig conjugated to horse radish peroxidase was added in a 1:400

dilution in PBS containing 5 % human serum and 0.5 % gelatin and

incubated for 1.5-2 hours at 37"C. Blots were extensively rinsed with

PBS containing 0.05 % Tween 20, then with PBS alone and finally

incubated for 10-20 rain, with chloronaphtol (Sigma)(3 mg/ml methanol)

diluted with 100 ml PBS containing 0.03 %

Coupling of polypeptide to CNBr-activated Sepharose 4B.

Three milligrammes of the synthetic peptide were dissolved in

5 ml coupling buffer containing 0.1 M H3BO3, 25 mM Na2B4O7 and 75 mM

NaCl. Three grammes of CNBr-activated Sepharose 4B (Pharmacia) were

incubated for 15 rain, in 1 mM HC1, washed extensively with 2 litres of

1 mM HC1, 0.5 litre of coupling buffer and incubated with the

synthetic peptide for three hours at room temperature while shaking.

Then 100 ml of blocking agent, 1 M ethanolamine pH 8.0, was added and
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incubation was continued for two hours. The peptide-bound Sepharose

was extensively washed alternately with coupling buffer containing

1 M NaCl and sodium acetate buffer pH 4.0 containing 1 M NaCl.

Sepharose was resuspended in 10 mM Tris-HCl buffer pH 7.6 containing

150 mM NaCl (TBS) and 20 mM NaN3 and stored at 4°C until use.

Affinity chronatography on peptide-bound Sepharose

Five millilitres of the synthetic peptide specific antiserum was

incubated with 10 ml of the synthetic peptide-bound Sepharose for two

hours at room temperature in a TBS solution while shaking. The

Sepharose suspension was transferred to a Buchner funnel and unreacted

serum was collected. The Sepharose was extensively washed (see

Coupling) with the following solutions: 1 litre of TBS, 250 ml of

TBS, containing 1 M NaCl and again with 0.5 litre TBS. Bound

antibodies were eluted from the Sepharose with 0.1 M glycine-HCl

pH 2.6 and collected in fractions of 2.5 ml containing 150 ul of 2 M

Tris-HCl pH 9.0. The optical density at 280 nm of eluted peak

fractions varied from 0.062 to 0.071. Five fractions were collected.

Purified antibodies were used at 1:2 dilutions in Western blot

analysis and in indirect immunoperoxidase staining of sections of some

normal human tissues.

HtiBan tissues

Human epidermal tissues were obtained from abortion material of

a 15 weeks old fetus and from autopsy of ~ 48 years old adult.

Tissues were deep-frozen in OCT-compound and stored at -70^c.

Preparation of cytoskeletal and cytosolic fractions

Cytoskeletal and cytosolic fractions of cultured keratinocytes

were separated by extraction with 10 mM Tris-HCl pH 7.4 containing

1.5 M KC1 and 1 Z Triton X100.

InmuQohistocheaical staining

Indirect immunoperoxidase staining of frozen sections was done
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accoding to the method of Nakane and Pierce (7) as described

previously (11).

RESULTS

In chapter VI we described the isolation of two groups of cDNA

clones (group I and group II) corresponding to genes whose expression

in human epidermal keratinocytes is stimilated by exposure to UV light

and by treatment with 4-NQO or TPA. The proteins encoded by these

genes represent a family of small (89-72 amino acids) polypeptides

which are extremely rich in proline, glutamine and cysteine and

contain repeating elements. These proteins were designated sprl and

sprll (small proline rich). The identification and characterization

of one of the sprl proteins, sprla, encoded by clone 15B from

group I cDNAs is presented in this chapter. The primary structure of

the sprla protein including the repeating elements is shown in fig.l.

MSs'qqqKqPCIPPPQl.QpQQVKHPCQPPPQEPClPKTKEPCHPKVPEPCHPKVPEPCQPKVPEPCHPKVPEPCPSIVTPPPAQQKTKQK

1 i !

Figure 1. Amino acid sequence deduced from the cDNA sequence
of clone 15B.UHZZ2 - indicates repeating elements. The thirty
C-terminal amino acids chosen for peptide synthesis are
underlined.

In vitro synthesis of the sprla protein

As an approach to gain more knowledge about this peculiar protein

a part of the insert of cDNA clone 15B containing the complete open

reading frame for the protein was subcloned into the pSP65 plasmid

(fig.2) followed by in vitro transcription using SP6 RNA polymerase.

Subsequently, the newly synthesized RNA was used to direct in vitro
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Figure 2. Cloning of the cDNA insert of clone 15B in the SP65
vector.

protein synthesis in a rabbit reticulocyte lysate system. When [^^S]-

methionine was used as a radiolabelled precursor in protein synthesis

no incorporation of radioactivity above background could be detected.

However, when [35S]-methionine was substituted by [3H]-proline

incorporation of label in TCA insoluble material could be easily

detected. Since no [S ]-methionine was incorporated during in vitro

protein synthesis, the first methionine which is the only one in the

amino acid sequence of the sprla protein is probably removed from the

final amino acid sequence. Whether this happens also in vivo remains

to be determined.

Upon analysis on a one dimensional polyacrylamide gel under

denaturating conditions (PAGE-SDS), the in vitro synthesized sprla

protein migrated as a single band of apparent molecular weight 18KD,

but only when the boiling step, which is generally used for protein

denaturation just before loading on gels, was omitted (fig.3, lane

a). Boiling of the sample apparently led to the aggregation of the

sprla protein since in this case it migrated as a smear in the region

of 43KD (fig.3, lane b).

Preparation and characterization of antibodies

To identify the sprla protein ̂ n vivo and its intracellular

localization and study its expression in different human tissues
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Figure 3. Analysis of the [JH]-proline labelled ^£ vitro
synthesized sprla protein on 12 % polyacrylamide-SDS gel.
Samples were loaded directly on gel (a) or boiled for 10
min.(b). Numbers indicate molecular weight markers ^

polyclonal antibodies were raised in a rabbit against an _in vitro

synthesized polypeptide of 30 amino acids corresponding to the C-

terminus of the sprla protein (fig.l). The Immunoreactivity of the

antiserum was tested by ELISA with the synthetic peptide used for

immunization as the antigen. The titre of the antiserurr: against the

peptide in ELISA was 10.000 (data not shown). The in vitro synthesized

sprla protein was specifically detected by the antiserum on Western

blots (data not shown).

The antiserum was subsequently used to probe a Western blot

containing proteins from keratinocytes grown under standard

conditions. Boiling of the protein samples before loading on gel was

omitted in all experiments described below, except for some special

cases which are indicated. Two major bands (50KD and 18KD) and two

minor bands (28KD and 21KD) were detected (fig.4, lane a), no

protein band smaller than 18KD was present. Controls with preimmune-



132

a b c d e f

30 -

14-

Figure 4. Western bloc analysis of proteins from cultured
epidermal keratinocytes (a-f) probed with the peptide
specific antiserum. Samples were directly loaded on gel. Two
major and Lwo minor positively reacting bands are indicated
by large and small arrows, respectively. Immunoreaction with
total cellular proteins (a). Separation of cytoskeletal (b)
and cytosolic (c) proteins by extraction with 1.5 M KC1 in
the presence of 1 % Triton X100. Selective inhibition of the
immunoreaction with total protein fraction by addition of the
peptide (d). Separation by chromatography on the peptide-
bound Sepharose of two antibody pools: reacting specifically
with the peptide (e) and nonreacting (f). Numbers indicate
molecular eight markers (X10 ).

serum did not show any immunoreaction (data not shown). The two major

proteins could be separated by extraction of cellular proteins with a

hypertonic solution by which the cytoskeleton is separated from the

cytosol. The 50KD protein appeared to be exclusively present in the

cytoskeleton fraction (fig.4, lane b), whereas the 18KD protein is

found only in the cytosolic fraction (fig.4, lane c).

The specificity of the antiserum was checked in a competition
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experiment with the synthetic peptide. As can be seen in fig.A lane d

it appeared that in the presence of the synthetic peptide the antibody

reaction with the 18KD protein as well as with two minor bands of

21KD and 28KD is inhibited completely; the reaction with the 50KD

protein is not affected. To purify the antibodies specifically

reacting with the synthetic peptide this peptide was coupled to

CNBr-activated Sepharose. The antiserum was passed through the column

containing the synthetic peptide-bound Sepharose. Antibodies which

bind specifically to synthetic peptide as well ,as those which do not

bind were tested on Western blots. Results are shown in fig.A, lane e

and f. As can be seen, the fraction which binds to the synthetic

peptide-bound Sepharose contains antibodies specifically reacting

only with the 18KD protein. The fraction which does not bind to the

Sepharose column contains antibodies specific only for the 50KD

protein. Both fractions show no signal with the 21KD and 28KD

proteins probably due to the low titre of purified antibodies.

Analysis of the expression of the sprla protein in cultured

keratinocytes

The presence of the sprla protein in differentiating and

proliferating keratinocytes was analysed using total antiserum by

Western blotting as shown in fig.5, lane a and b, respectively. It

appeared that the concentration of the 18KD protein is much higher in

differentiating keratinocytes, than in proliferating cells. The 21KD

and 28KD proteins were detected only in differentiating cells. Boiling

of the sample just before loading on gel resulted in a significant

loss of the 18KD protein (compare lanes a' and a11 in fig.5).

To define more precisely the mechanism of regulation of the

expression of the sprla protein during differentiation keratinocyte

cultures were switched from low calcium (0.06 mM) to standard calcium

concentration (1.8 mM) to stimulate differentiation. 2,4,6 and 24

hours after switch the presence of the sprla protein was determined by

Western blotting. Already two hours after switching the 18KD protein

is detected in amounts larger than in control cells cultured at low
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Figure 5. Coomassie Brilliant blue stained gel (a,b) and
corresponding immunoblot after reaction with the peptide
specific antiserum (a'jb'ja11). Analysis of protein from
terminally differentiated (a,a',a11) and basal (b,b') cells.
Cultured under high calcium concentration cells were switched
to low calcium concentration for 2 days. Basal cells were
collected by trypsinization and terminally differentiated
cells were collected from the culture medium by
centrifugation. Samples were loaded directly on gel
(a,b,a',b') or after lOmin. boiling (a l f). Numbers indicate
molecular weight markers

calcium (compare in fig.6 lanes a and b "with lanes c, d, e and f).

The 21KD and 28KD proteins are not detected even 24 hours after the

switch.

To study at what level the expression of the sprla protein is

regulated we isolated poly(A)RNA from keratinocytes grown at low

calcium concentration and from cells twelve hours after switch from

low to standard calcium concentration. No difference in the mRNA
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Figure 6. One dimensional gel electrophoresis of proteins
from cultured keratinocytes stained with Coomassie Brilliant
blue (A) and the corresponding immunoblot after reaction with
the peptide specific antiserum. Cells were cultured under low
calcium concentration (a is the same as b, only twice the
amount of protein was loaded) and switched to high calcium
concentration for 2 (c),4 (d),6 (e) and 24 hours (f). Numbers
indicate molecular weight markers *

concentration was observed between keratinocytes cultured at low and

standard calcium concentrations in Northern blot hybridization

(fig.7).

Tissue distribution of the sprla protein

Antibodies purified by the synthetic peptide-Sepharose column

and specifically reacting only with the 18K protein (fig.4, lane e)

were used in immunohistochemical staining of sections of some human

tissues. In all experiments the absence of immunoreaction with

preimmuneserum was observed. In skin sections derived from foot sole,

basal and two-to-three suprabasal cell layers are very weakly
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Figure 7. Northern blot analysis of poly(A)RNA isolated from
keratinocytes grown at low calcium concentration (a) or 12
hours after the switch to high calcium concentration (b) and
hybridized with the 32P-labelled 15B cDNA (total plasmid).
Numbers indicate molecular weight markers (bases).

positive and stratum corneum is negative (fig.8A), whereas stratum

granulosum and stratum spinosum are clearly positive. In sections

from head sicin, differentiated cells in hair follicles are clearly

positive (fig.8B) and sebaceous glands are negative (fig.8B). Strong

positive reaction is observed in myoepithelial cells (fig.8C) and in

Figure 8. Immunohistochemical staining of tissues from a 48
years old adult: A - foot sole, positively reacting supra-
basal layers of str. granulosum and str. spinosum are indica-
ted by an arrow; B - forehead skin, sebaceous gland (sg) and
smooth muscle cells (sm) are indicated; C - sweat glands; D -
esophagus; E - heart, striated muscle (stm) cells and smooth
muscle (sm) cells of a blood vessel are indicated; and from
a 15 weeks old fetus: F - skin, periderm (p) is indicated.
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smooth muscle cells (fig.8B and 8E). In esophagus positive reaction

increases gradually from cell layers above the basal layer which is

negative to the most outer layer (fig.8D). Striated muscle cells in

heart sections are negative (fig.8E). Fifteen weeks old fetal

epidermis is negative, but the periderm is clearly positive in its

reaction with the sprla specific ancibodies(fig.8F).

DISCUSSION

The SP6 transcription system and a reticulocyte translation

system were used to synthesize the sprla protein jin vitro. Analysis of

the 2J1 vitro synthesized sprla protein on PAGE-SDS gel reveals two

peculiarities. Firstly, in contrast to most known proteins the sprla

protein tends to aggregate rather than to denaturate upon boiling in

loading buffer. Secondly, the sprla protein has a predicted molecular

weight of app. 10KD, but migrates on a PAGE-SDS gel as a 18KD

protein. This remarkable migration can be due to the high proline

content (29 %) or to dimerization of the protein.

The specificity of the antibodies directed against the synthetic

peptide towards the sprla protein is confirmed by the following

results. The protein from cultured keratinocytes which is recognized

by the antibodies on Western blot migrates similar to the ̂ n vitro

synthesized sprla protein and is also sensitive to boiling. Moreover,

the antibodies react on Western blots with the _i£ vitro synthesized

sprla protein (data not shown). The two additional bands of 21KD and

28KD detected Jji vivo, but not jji vitro can be due to

posttranslational modification of the sprla protein _iii vivo or to

antibody reaction with sprla-related proteins sharing antigenic

determinants with the sprla protein and the synthetic peptide.

Immunoreaction of these two bands with specific antiserum is inhibited

by addition of the synthetic peptide, indicating that these two

bands are related to the sprla protein. The nature of the antibodies

reacting specifically with the 50K protein remains unknown.

The high proline content and the presence of repeats suggest a

structural role for the sprla protein (fig.l). However, during
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extraction with a hypertonic buffer the sprla protein is found in the

cytosolic fraction. This indicates that the protein is not involved in

the network of cytoskeleton proteins such as cytokeratins and actins.

Induced synthesis of the sprla protein after switching the

calcium concentration suggests a correlation of the sprla protein

expression with keratinocyte differentiation. This conclusion is also

supported by the fact that no positive immunoreaction was found on

Western blot with total protein fractions from two nondifferentiating

cell lines of epithelial origin: HeLa and AA31 (data not shown). No

change in the mRNA concentration could be detected on Northern blot 12

hours after switch from low (0.06 mM) to standard (1.8 mM) calcium

concentration, suggesting that the regulation of the expression of the

sprla protein is at the level of mRNA translation or protein turnover.

The data on immunohistological staining of sections of human skin

confirm the conclusion drawn from in^ vitro studies of the sprla

expression in cultured keratinocytes that the expression of the sprla

protein is regulated during differentiation. The presence of the sprla

protein was demonstrated in cells of the stratum granulosum and

stratum spinosum and in differentiated cells of hair follicles and

esophagus, but to much less extent in cells of the proliferating

layers. The absence of the reaction in stratum corneum may be due to

degradation or to selective masking of the sprla protein which prevent

the immunoreaction with the antibodies, although the sprla protein was

not detected on a Western blot when an extract from stratum corneum

was analysed (data not shown). The presence of the sprla protein in

myoepithelial and smooth muscle cells indicates that these cells may

share some yet unknown functions.

The sprla protein was identified via cDNA cloning as encoded by a

gene whose expression is stimulated at the mRNA level by UV light, 4-

NQO and TPA. However, a high steady-state level of the sprla protein

in cells of mixed keratinocyte population makes it difficult to

estimate changes in the amounts of the sprla protein before and after

UV irradiation or treatment with 4-NQO or TPA. Pulse label experiments

and immunospec!fie precipitation of the labelled sprla protein are
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necessary to clearify this question.

In conclusion: the expression of the sprla protein is stimulated

during differentiation of keratinocytes probably via a translational

control or protein turnover and is not solely confined to epidermal

keratinocytes. The role of this protein in the development of the

cellular response to the UV irradiation and/or in the keratinocyte

differentiation remains to be elucidated.
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CHAPTER VIII

SUMMARY AND GENERAL DISCUSSION



SUMMARY AND GENERAL DISCUSSION

This thesis presents a study on the response of human epidermal

keratinocytes to UV light as well as to other agents like 4-NQO and

TPA.

To investigate the effects of UV light on human skin a culture of

human epidermal keratinocytes is the system of choice- However,

several properties of such a culture significantly complicate the

studies. Since keratinocytes when grown L̂n vitro undergo

differentiation no discrimination can be made between proliferating

and differentiating cell population. In addition, the property of a

keratinocyte culture to form multilayers makes an uniform treatment

of cells with an agent difficult. Nevertheless this system has been

chosen for our experiments since it imitates most closely the actual

situation.

The series of studies was started with the analysis of UV

sensitivity of keratinocytes (chapter III). When treated in the same

way keratinocytes have an UV sensitivity similar to that of

fibroblasts derived from the same skin donor. In another set of

experiments keratinocytes were grown at two different calcium

concentrations, i.e. 0.06 mM and 1.8 mM, and their UV sensitivity was

compared. Keratinocytes grown at low calcium concentration show higher

UV resistance. One of the possible explanation of this phenomenon



146

could be the interference of the process of terminal differentiation

with cell proliferation after UV irradiation-

Analysis of two-dimensional protein patterns before and after

irradiation with different UV doses and at different periods of time

after irradiation revealed no dramatic changes in the overall protein

pattern (chapter III). This indicates that the response of

keratinocytes to UV light is different from the response to heat

shock which is known to affect significantly the protein synthesis in

a variety of organisms including man. Nevertheless, the expression of

several proteins was found to be influenced by UV irradiation. An

increase in the radioactive spot intensity was demonstrated for six

proteins and a decrease for one protein. Exposure to UV light could

affect the expression of these proteins either by modulation of

transcription, processing or stability of the corresponding mRNAs or

by influencing their synthesis or turnover. Other proteins whose

expression might be affected by UV irradiation of keratinocytes could

easily be overlooked due to the resolution limit of the method as

well as to the fact that not all cellular proteins can be labelled by

incorporation of [S-^J-methionine. A possible change in expression of

abundant proteins such as keratinocytes is difficult to estimate

quantitatively by this procedure.

Analysis of the products of translation of mRNAs isolated from UV

irradiated keratinocytes before and after UV irradiation revealed that

at least for some proteins the modulation of expression by UV light

can operate on the level of mRNA transcription or stability while for

other proteins it might be a question of translation or turnover.

Changes in abundance of mRNAs after UV irradiation were analysed

by differential screening of a cDNA library (chapter IV). The method

originally described by Rigby and coworkers was chosen as a method

suitable for isolation of sequences corresponding to mRNAs of low

abundance. However, during the present study it appeared that this

method is not sensitive enough, at least in our hands: the majority of

the isolated cDNA clones corresponded to abundant mRNAs.

Forty clones were isolated and subjected to further analysis.
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Northern blot analysis of the poly(A)RNA isolated from either UV

irradiated or nonirradiated keratlnocytes revealed an at least

relative increase (3-5 times) in the level of mRNA corresponding to

most clones. The presence of 4-NQO in the culture medium had a similar

effect on the level of these mRNAs, whereas treatment with a tumor

promoter TPA had no effect on the mRNA level for most cDNA clones.

This finding is in agreement with the results on enhanced virus

reactivation and mutagenesis in mutagen treated mammalian cells where

reactivation factor was found to be not higher than three to five. The

effect of UV light and 4-NQO on the level of specific mRNAs can be

due to the preferential DNA repair and changes in gene transcription

or be a result of preferential mRNA processing and stability. However,

we can not exclude the possibility that some of the isolated cDNA

clones correspond to mRNAs which are preferentially transcribed in the

basal layer of proliferating cells. RNA synthesis in these cells is

less affected by UV irradiation than in cells of the upper layers.

This may lead to a relatively increased level of proliferation

specific mRNAs in the poly(A)RNA pool after irradiation.

Among isolated cDNA clones three groups were identified as

corresponding to three different keratins: 56K, 50K and 46K- and 50K-

related (probably 48K). The 56K and 50K keratins are among four

abundant keratins present in cultured keratinocytes, whereas 46K-and

50K-related (48K) keratin is present in less amount. It is still to

be found whether there is any change in amounts of 56K, 50K and 46K-

and 50K-related keratins in keratinocytes after UV irradiation. No

cDNA clones were found corresponding to two other keratins abundant in

cultured keratinocytes, 58K and 46K keratins. Thus, keratins appear to

differ in their reaction to UV light. The expression of 56K, 50K and

46K- and 50K related keratins is repressed by TPA on the level of mRNA

accumulation in the cytoplasm. It would be interesting to check the

expression of other keratins in TPA treated keratinocytes and to find

out whether this reaction is related to the induction of keratinocyte

differentiation by TPA treatment.

Another identified cDNA clone appeared to correspond to the
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proteinase inhibitor cystatin A. The complete cDNA sequence of the

insert was determined (chapter V). The expression of cystatin A is

stimulated on the mRNA level by UV light and 4-NQO, but not by TPA. An

increased intracellular level of cystatin A might be important for the

protection of cellular proteins from a harmful action of proteases

which can be released into the cytoplasm from the lysosomes damaged by

UV lit t.

An at least relative increase in the level of the mRNA

corresponding to glyceraldehyde 3-phosphate dehydrogenase was found

after UV irradiation or treatment with 4-NQO (chapter IV). The

significance of this reaction to DNA damaging agents is not clear.

Two groups of cDNA clones isolated by differential screening were

identified which had no obvious homology on the DNA level, but were

very similar in the primary structure of their deduced proteins

(chapter VI). Proteins from both groups are small and very rich in

proline, cysteine and glutamine. Moreover, these proteins have

repeating elements of similar nature. It can be speculated that two

groups evoluated from a common ancestor gene. These proteins were

designated sprl and sprll (small proline rich). The presence of

cysteine moieties in the repeating units resembles the metal-binding

domains in DNA-binding proteins. Further experiments will show whether

repeating units are indeed active in metal-binding or have any other

functional or structural role. No homology with any known amino acid

sequence was found after the comparison of amino acid sequence of

proteins of both groups with the amino acid sequences of the NBRF data

bank by computer analysis using UWGCG programmes. The only protein

with a similar amino acid sequence at its N-terminus was alpha-myosin

whose first 30 amino acids (out of 189) are represented by prolines,

glutamic acids, and lysines. Whether the similarity with the N-

terminus of alpha-myosin has any functional meaning for two

keratinocyte proteins remains to be elucidated.

Preliminary results on genomic organization and sequence

heterogenity of the cDNA clones from the group I suggest the presence

in the human genome of at least one gene. The group II cDNA clones
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represent probably a multigenic family of closely related genes. Three

representatives of this family were isolated as corresponding cDNA

clones sharing 90 % homology on DNA level. The organization of group I

and II genes in the human genome requires further investigation. The

preliminary analysis of the evolutional distribution of group I and

II genes among various organisms indicates the presence of these genes

in mammals from monkey to rat kangeroo.

The protein encoded by one of the cDNA clones, clone 15B, from

the group I designated sprla was studied in more detail. The ̂ Ln vitro

synthesized sprla protein has abnormal mobility on polyacrylamide gel

and aggregates upon boiling (chapter VII). The protein detected in

cultured keratinocytes by specific antiserura resembles in these

aspects the in vitro synthesized protein. The specific antiserum was

raised in rabbit against the synthetically made polypeptide whose

amino acid sequence corresponds to the last 30 amino acids of the C-

terminal region of the sprla protein. The expression of the sprla

protein appeared to be stimulated during terminal differentiation both

in in vitro grown keratinocytes and in vivo in human epidermis. In

vitro the induction of the sprla protein synthesis is obvious already

two hours after the switch to the conditions favorite for

differentiation. Northern blot analysis of mRNA present in the

cytoplasm before and after the switch indicates that this induction

occurs on the level of mRNA translation or protein turnover.

The sprla expression is not solely confined to keratinocytes but

the protein is also detected by specific antibodies in myoepithel

cells and in smooth muscle cells.

The expression of the group I and II genes is stimulated on mRNA

level by treatment with UV light, 4-NQO or TPA. However, a high

steady-state level of the sprla protein (group I) in cells of mixed

keratinocyte population makes it difficult to estimate changes in the

amounts of the sprla protein before and after UV irradiation or

treatment with 4-NQO or TPA. Therefore, it is still to be proven

whether the relative increase in the level of mRNA corresponding to

group I and group II genes after UV irradiation or treatment with 4-
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NQO and TPA leads to increased synthesis of corresponding proteins and

thus has a functional significance. Our findings suggest that in

keratinocytes the processes of UV induced response and terminal

differentiation might be related.
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ABBREVIATIONS

Amp ampicillin
bp basepair(s)
cDNA complementary DNA
CFA colony forming ability
cpm counts per minute
DNA deoxyribonucleic acid
DNase deoxyribonuclease
dNTP deoxynucleotide-triphosphate
DTT dithiothreitol
EDTA ethylene diaminetetraacetate
EGF epidermal growth factor
FCS fetal calf serum
HEPES 4-(2-hydroxy)-l-piperazinethanesulfonic acid
hs heat shock
IEF isoelectrofocusing
kb kilobase(s)
KD kiloDalton(s)
LTR long terminal repeat
mdr multidrug resistance
Mr molecular weight
mRNA messenger RNA
NBRF National Biomedical Research Foundation
NEPHG nonequilibrium pH gradient
4-NQO 4-nitroquinoline 1-oxide
PAGE polyacrylamide gel
PBS phosphate buffered saline
PIPES piperazine-N,N'-bis(2-ethanesulfonic acid)
Pu purine
RNA ribonucleic acid
RNase ribonuclease
RNasin trade mark, inhibitor of RNases
SDS sodium dodecylsulphate
spec.act- specific activity
SSC sodium saline citrate
SV40 simian virus 40
TPA 12-0-tetradecanoylphorbol 13-acetate
Tris tris(hydroxymethyl)aminomethane
UV ultraviolet
UWGCG University of Wisconsin Genetics Computer Group
Y pyrimidine



RESPONSIE VAN MENSELIJKE EPIDERMALE

KERATINOCYTEN OP UV LICHT

SAMENVATTING

Levende cellen worden vaak door hun omgeving bedreigd. Chemische

verbindingen en straling veroorzaken schade aan verschillende

cellulaire componenten waarvan de schade aan het genetische materiaal

de meest cruciale gevolgen kan hebben- Om te overleven moeten cellen

schade kunnen herstellen. In bacteriën zijn er twee systemen die

beschadigingen in DNA kunnen verwijderen. Enzymen van het eerste

systeem kunnen DNA foutloos repareren en zijn altijd in de cel

aanwezig. Enzymen van het tweede systeem worden alleen aangemaakt als

gevolg van DNA-schade en zijn verantwoordelijk voor foutief herstel

en het ontstaan van mutaties. Of een soortgelijk mechanisme in

menselijke cellen ook functioneert is nog onduidelijk, maar er zijn

wel aanwijzingen dat door schade induceerbare processen ook in deze

cellen optreden. Het werk in dit proefschrif is bedoeld om informatie

te verkrijgen omtrent de reactie van een bepaalde soort huidcellen,

epidermale keratinocyten, op bestraling met ultraviolet (UV) licht.

Keratinocyten zijn voor dit onderzoek gekozen omdat ze de meest

voorkomende cellen zijn in de bovenste huidlaag, de epidermis, die als

een natuurlijke barrière tussen het lichaam en de omgeving fungeert.

Gekweekt onder standaard-groeicondities kunnen keratinocyten zowel in

verticale als in horizontale richting delen en vormen zij

verschillende lagen van prolifererende en differentiërende cellen
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waarmee ze de xa vivo situatie imiteren.

De serie experimenten werd geïnitieerd met de analyse van de UV-

gevoeligheid van keratinocyten (hoofdstuk III). De UV-gevoeligheid

van keratinocyten en van fibroblasten afkomstig van dezelfde huiddonor

blijken nagenoeg gelijk te zijn. Keratinocyten vertoonden wel een

verschil in gevoeligheid voor UV-straling als ze onder andere

groeicondities gekweekt waren: prolifererende cellen lijken wat minder

gevoelig zijn voor UV dan cellen met het vermogen tot differentiatie.

Analyses van twee-dimensionale eiwitpatronen voor en na

bestraling met verschillende UV-doses en verschillende tijdstippen na

bestraling hebben geen dramatische verandering in het totale

eiwitpatroon aangetoond (hoofdstuk III), hoewel de expressie van een

aantal eiwitten wel door UV-straling beinvloed werd: een toename in

intensiteit van de radioactieve vlekken voor zes eiwitten en een

afname voor een eiwit is waargenomen. UV-straling kan de expressie van

deze eiwitten op verschillende niveaus beïnvloeden: van de

transcriptie van corresponderende boodschapper RNA's tot de eiwit-

"turnover". Aangetekend moet nog worden dat de resolutiegrens van de

methode niet alle eiwitten laat zien waarvan de expressie eventueel

door UV-straling kan worden beinvloed. Mogelijke veranderingen in

expressie van veel voorkomende eiwitten, zoals keratinen, zijn ook

moeilijk te kwantificeren.

Analyse van de translatieprodukten van boodschapper RNA's

geisoleerd uit keratinocyten voor en na UV bestraling laat zien dat

de expressie van sommige eiwitten op het niveau van RNA-transcriptie

of stabiliteit gereguleerd kan zijn, terwijl voor andere eiwitten de

regulatie het meest waarschijnlijk op het niveau van translatie of

eiwit-"turnover" ligt.

Veranderingen in de hoeveelheid van boodschapper RNA's na UV-

bestraling werden door een "differential screening" van een "cDNA-

library" geanalyseerd. Veertig cDNA-clonen werden geisoleerd en verder

onderzocht. Voor de meeste clonen tonen "Northern blot"-analyses een

toename aan in het niveau van boodschapper RNA's na UV bestraling of

behandeling met 4-nitrochinoline-l-oxide (4-NQO), een chemische stof
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die net als UV licht schade aan DNA veroorzaakt. Onder de geisoleerde

clonen bevonden zich naast de drie groepen die met 56K, 50K, 50K- and

46K-verwante keratinen corresponderen ook de cDNA sequenties van de

glyceraldehyde-3-fosfaatdehydrogenase en de cysteineproteaseremmer

cystatin-A (hoofdstuk IV and V).

Verder zijn er twee groepen van cDNA-clonen geïdentificeerd die

geen duidelijke homologie op DNA-niveau vertonen, maar wel in de

primaire structuur van de corresponderende eiwitten (hoofdstuk VI).

Eiwitten van beide groepen zijn klein en werkelijk rijk aan proline,

cysteine en glutamine. Naar aanleiding hiervan werden deze eiwitten

sprl and sprll (small proline rich) genoemd. Bovendien bevatten deze

eiwitten gelijke, repeterende aminozuursequenties. Uit verdere

experimenten moet blijken of deze repeterende elementen mogelijk bij

de binding van metalen betrokken zijn of een andere functionele of

structurele rol spelen. Voorlopige analyses van de genomische

organisatie en de sequentie heterogeniteit van de cDNA clonen van

beide groepen suggereren dat zij corresponderen met twee families van

verwante genen.

Het sprla-eiwit dat met een van de cDNA-clonen correspondeert,

is verder in detail bestudeerd. Er werd een specifiek antiserum in

een konijn opgewekt gericht tegen een synthetisch peptide. De

aminozuurvolgorde van dit peptide correspondeert met de 30 aminozuren

van de C-terminus van het sprla eiwit. "Western blot"-analyses van

totale eiwitpreparaten van gekweekte keratinocyten duiden er op dat

tijdens differentiatie van keratinocyten, inductie van expressie van

het sprla-eiwit optreedt. Deze conclusie wordt door immunohisto-

chemische kleuring van coupes van menselijke huid bevestigd.

"Northern blot"-analyses tonen aan dat deze inductie mogelijk

plaatsvindt op het niveau van boodschapper RNA vertaling of eiwit-

"turnover".

sprl and sprll cDNA clonen zijn geïsoleerd als corresponderende

met RNA-sequenties waarvan het niveau in het cytoplasma beinvlced

wordt door UV. Het hoge "steady-state" niveau van het sprla-eiwit in

de gemengde populatie van keratinocyten maakt het moeilijk
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veranderingen in de hoeveelheid van het sprla eiwit voor en na UV-

bestraling of behandeling met 4-NQO of TPA te registreren. Verdere

experimenten met "pulse labelling" van eiwitten en specifieke

immunoprecipitaties zijn nodig om de gevolgen van UV straling op de

expressie van sprla te bestuderen. Niettemin, onze gegevens

suggereren dat er een verband bestaat tussen het proces van UV-

induceerbare responsie en differentiatie van keratlnocyten.
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