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abstract 

Elucidation of those molecular mechanisms regulating development 

and differentiation is a central question of contemporary biology and 

biochemistry. The developmental activation of the liver-specific 

enzyme tyrosine aminotransferase (L-tyrosine: 2-oxoglutarate araino-

transferase, E.G. 2.6.1.5, TAT) has been qualitatively described in 

terms of the appearance of functional gene products and the role of 

effector molecules. The underlying developmental events to account 

for this activation have yet to be identified. It was the purpose of 

this investigation to analyze the activity of the aminotransferase 

gene during development. The project had two major areas of re 

search. One involved the titration of hybridizable transcripts in 

perinatal rat liver using a cloned cDNA specific for messenger 

RNA'^^^' (mRNA^A''^) sequences. The other used treatment of fetuses 

in utero with a potent inhibitor of DNA methylation, 5-azacytidine 

(5-azaC) to test whether the extent of specific. DNA raethylations could 

be implicated in the developmental activation of this gene. We 

present evidence here that supports our hypothesis that the rapid 

appearance of gene products in neonates is the consequence of an 

increased number of mRNA^AT sequences. The data also suggest that 

the ability of those transcripts to be expressed is regulated post-

transcriptionally, probably at the level of translation. Treatment of 

fetuses in utero with 5-azaC activated the expression of aminotrans 

ferase gene products in a pattern not unlike that seen in the course 
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of normal development. In addition, 5-azaC treatment induced changes 

in hepatic morphology and metabolism, apparently accelerating the 

developmental process. From these studies we conclude that the 

activation of tyrosine aminotransferase expression is probably the 

consequence of an increased rate of aminotransferase transcription. 

Superimposed on this is some form of post-transcrlptional control 

which limits temporarily the capacity of the gene transcripts to be 

translated. Furthermore, we conclude that 5-azaC treatment in utero 

accelerates hepatic differentiation. The specific effect of this drug 

on TAT activation could be either on the structural gene itself or 

those hypothetical regulatory loci required for fully differentiated 

enzyme expression. 
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CHAPTER I 

INTRODUCTION 

Studies in developmental biology have long focused on the central 

question of how a pluripotent fertilized egg can give rise to a com 

plex organism of diverse cells and tissues. It is now generally 

accepted that the process of differentiation is the consequence of 

selective gene expression, i.e., activation of expression of particu 

lar subsets of genes and silencing of the remainder. Elucidation of 

the molecular mechanisms involved in the selective expression of 

genes, a major goal of contemporary biology, is thus considered to 

hold the promise of dispelling tnuch of the mystery that has hitherto 

surrounded development and differentiation. 

Knowledge of tVie structure and function of the eukaryotic genome 

has accumulated exponentially in recent years, owing in large part to 

the advent of recombinant DNA and other techniques of molecular 

biology that have, enabled researchers to identify and characterize 

specific genes. These advances have led to the description of a 

variety of transcripticnal and post-transcriptlonal control mechanisms 

that are operative in differentiating cells, but as of yet few of 

these can be integrated into generalizations of widespread validity. 

An apparent exception, of particular significance to the work 

described here, is the phenomenon of DNA methylation. 



DNA Methylation; ^Possible Molecular Mechanism 

of Differentiation 

In recent years much attention and speculation has been focused 

on the 5-methylcytosine (m^C) residues of eukaryotic DNA and their 

potential function, especially concerning the regulation of differen 

tiation, control of transcription and maintenance of chromosome 

structure. In any mammalian DNA Only a small fraction (3.0 to 8.0%) 

of the total number of cytosine residues are present as m-'C, methyla 

tion occurring soon after DNA synthesis. Their distribution is not 

random, usually m^C is 5' to a guanine residue (thus n^CpG). Further 

more, the majority of these residues occur in repetitive DNA, not 

usually considered transcriptionally active, although a significant 

fraction of râ C is associated with the nonrepetitive, structural 

gene DNA sequences. The distribution of m^C residues within the DNA 

of a given organism is not constant over the course of development, 

the loss of specific m^C residues has been associated with gene 

activity (1-7). An innovative approach by Naveh-Many and Cedar (8) 

positively correlated active gene sequences, DNAase I sensitivity and 

hyporaethylated DNA. Fractionatlon of sea urchin DNA with methylation 

sensitive/insensitive restriction enzyme isoschizomers defined two 

compartments on the basis of their DNA composition, methylated and 

nonraethylated. The transcriptionally active genes were found in the 

unmethylated DNA compartment of all samples analyzed (9). 

Tissue specific patterns of methylation are correlated with the 

expression of tissue-specific genes. The classic analysis of the 
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human YAg'globln locus by van der Ploeg and Vlavell (10) and of the 

avlan egg-white protein loci by Chambon and his associates (11,12) 

demonstrate that certain CpG dinucleotides, usually 5' to the 

structural gene, are demethylated in the DNA from the tissue in which 

the DNA is expressed. Housekeeping genes, such as adenine 

phosphoribosyltransferase and dihydrofolate reductase, those genes 

expressed in all cell types, have also been found with hypomethylated 

DNA regions (13). The DNA, again, is demethylated in the 5' flanking 

region of each gene, whereas the structural genes themselves are 

methylated at all sites tested. 

Specific changes in the pattern of methylation have been corre 

lated to the developmental expression of complex gene families. 

Expression of the rx-globin gene cluster in terms of chromatin struc 

ture and methylation has been studied in developing chick embryos. 

During the switch from the primitive to the definitive lineage of 

erythoblasts, the U-gene (coding for the embryonic globin a-chain) 

becomes inactive. Inactivation is reflected by the generation of a 

more DNAase I-resistant structure, DNA methylation and cessation of 

transcriptional activity (14). The development of estrogen sensi 

tivity by the major vitellogenin gene of avian liver is associated 

with the appearance of a specific demethylation event, approximately 

600 base pairs 5' to the start site of transcription. However, 

transcription of the gene begins prior to the detection of the de 

methylation event in either embryonic or adult male liver (15,16). 

Demethylation is also thought to be one of the regulatory mechanisms 

involved in immunoglobulin heavy chain class-switching (17). 
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The appeal of specific DNA methylatlons as a means of regulating 

gene expression is quite persuasive—modification of DM structure can 

be inherited, but is also reversible. Evidence for both maintenance 

methylase (18) and demethylase (19) activities in mammalian cells is 

accumulating. 

Treatment with 5-azacytidine (5-azaC), a compound that is a 

potent inhibitor of DM methylation but has several other biological 

effects (20), has been found to reactivate an inactive X-chromosome 

(21), induce differentiation (22-24), facilitate retroviral expression 

(25), modulate metallothionein I induction by heavy metals (26), 

and induce expression of previously expressed genes in vivo (27). 

These effects on specific gene expression and differentiation for the 

most part can be traced to 5-azaC induced hypomethylation of DM. 

5-Azacytidine is thought to effect demethylation by direct incorpora 

tion into the DNA (the 5-azaC residue cannot be modified) or by 

incorporation into the DNA and a subsequent irreversible inhibition of 

methyltransferase activity when the enzyme interacts with the modified 

base (28). 

The majority of the evidence to date positively correlates l^rpo-

methylation of specific DNA sequences to the expression of certain 

genes. The consensus of opinion is that specific demethylation is a 

necessary but not sufficient condition for transcription. If de 

methylation is a necessary, but not sufficient condition for 

transcription, then it is implied that activation is the consequence 

of an ordered sequence of events at the molecular level prior to 

expression. Evidence for this is coming from chromatln studies of 

4 



genes, such as avian -globin (14), and vltellogenln II (15), whose 

expression is developmentally regulated. Changes in chromatin 

structure may precede deraethylation events, which may or may not 

precede the initiation of transcription. 

Morphological and Molecular Differentiation; Perinatal 

Rat Liver as a Model System 

Many different aspects of mammalian liver development have been 

examined, including cellular composition, growth, enzymic/biochemical 

characteristics, and hormonal status. Integration of this information 

provides a multidimensional framework in which to analyze a particular 

aspect of hepatic differentiation. 

Fetal rat liver functions first as a hematopoietic organ. How 

ever, after 14 days of gestation, the hematopoietic function decreases 

as hepatocytes increase in both size and number. Between 15 and 18 

days of gestation, erythroid elements still predominate, contributing 

two-thirds of the total cell number and representing approximately 

one-half the total hepatic volume. At term, the situation is rever 

sed, one-half the total number of ceils are hepatocytes, and they fill 

approximately 88% of the total liver volume (29). The wet weight of 

the tissue increases approximately one and one-half times during the 

last day of gestation. After birth, hepatic wet weight decreases 

markedly for several days, largely the consequence of depleted 

glycogen stores. Hematopoietic elements are typically cleared by the 

fifth day following parturition and the liver begins another period of 

rapid growth between days 10 and 28 (30,31). 
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One aspect of differentiation is the acquisition of tissue 

specific enzymes. It is generally recognized that it is the develop 

ment of a characteristic, quantitative pattern of enzymes that 

dictates any given tissue's physiological function and morphologic 

appearance. Two features of this developmental activity are signifi 

cant. One is that the appearance of an enzyme is often not gradual, 

accumulation to adult levels occurring dramatically, within hours or 

days. The other is that the appearance of the liver enzymes so far 

studied tend to happen in clusters; in rat liver there are three 

critical periods, late fetal (16 to 22 days in utero), neonatal (one 

day after birth), and late suckling (21 to 28 days after birth) (32). 

In adult mouse liver, there are 10 to 12 different, tissue-

specific, abundant messenger RNAs (mRNAs). Translation and RNA-DNA 

hybridization studies for five of thos?e sequences show that not all 

members of this class are under common developmental regulation. 

Barth, et al. define at least three periods when liver-specific, 

abundant mRNAs appear: late fetal, neonatal and weaning (33). These 

data are in good agreement with those periods of development of enzyme 

activities characterized in rat liver. 

Much of the work dona in hepatic enzymic differentiation (34) 

has been directed towards a description of "developmental triggers" to 

account for the observed patterns of developmental activation. The 

emphasis has been on the induction of enzyme activity by hormonal or 

other physiological effector molecules. This approach was grounded in 

the knowledge of adult patterns of enzyme activity and induction. 



In utero, tho fetus is in a glucose rich environment, glucose 

freely crossing the placental barrier from the maternal circulation. 

Under these conditions, the molar ratio of insulin to glucagon in 

fetal blood is very high (10 to 1). Following parturition, the 

situation changes rapidly. The newborn animal must make the immediate 

transition from a continuously fed state to a typical cycle of feeding 

and fasting. This is usually associated with an initial, though 

transient, period of hypoglycemia, with a concomitant increase in 

glucagon levels and plummeting levels of insulin, reversing the pre 

vious ratio. Blood glucose levels are elevated by mobilizing glycogen 

stores and by de novo glucose synthesis from lactate, pyruvate, glyce-

rol and amino acids (35). Another environmental change arises from 

the markedly different nature of the nutrients available in milk, once 

nursing begins. Milk is a low carbohydrate, high-fat, protein rich 

food. In rat milk, only 8.0% of the calories come from lactose, 

whereas 26.5% come from fat (36). 

In developing rat liver, glucocorticoids are capable of effecting 

both inductive and regressive responses. Greengard considers two 

periods of extremely high steroid levels as critical to the further 

maturation of hepatic tissue: the accumulation of corticosteroids 

during days 18 and 19 of gestation, and then again, beginning about 10 

days post-partum. The fetal adrenal gland begins to secrete gluco 

corticoids starting at about 16 days gestation, and the total level of 

glucocorticoids peaks at a level six-fold above that in the maternal 

circulation on day 19. The level then declines to that of the 

maternal circulation by the time of birth. In both fetal and neonatal 
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liver, glucocorticoids are thought to effect the involution of the 

hematopoietlc elements (37,38). 

Tyrosine Aminotransferase: a Model System for the Study 

of Hepatic Differentiation 

Tyrosine aminotransferase (E.G. 2.6.1.5, TAT) is often presented 

as a paradigm for the study of tissue-specific developmental activa 

tion. Synthesis of this enzyme in fully differentiated liver is 

modulated by glucocorticoids and is also sensitive to both insulin and 

glucagon, the latter acting through cAMP. The aminotransferase is 

synthesized at a very high rate under steady state conditions, but a 

similarly rapid rate of intracellular turnover maintains a low steady 

state level of activity. These unusual properties contribute to the 

interest surrounding this highly regulated enzyme of intermediary 

metabolism (39-43). 

Tile enzyme is present at very low levels In fetal liver (~1 unit 

per icg protein) and enzyme synthesis is refractory to Induction by 

glucocorticoids in utero (44). Insulin is similarly without effect in 

fetal liver, and treatment of fetuses late in gestation with cAMP has 

only small effects on enzyme activity (45,46). In the hours immedi 

ately after birth, enzyme activity increases rapidly, peaking several 

fold above adult steady state levels between 12 and 18 hours post-

partum, and thereafter declining to adult levels (16 to 20 units 

per mg protein) between 24 and 36 hours (44). Glucocorticoid sensi 

tivity is also acquired following release from the intrauterine 

environment. However, the development of adult levels of activity 
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occurs independently of glucocorticoid Induction (4^,47). Fetal 

hepatocytes, when placed in short-term organ culture> not only in 

crease their steady state level of TAT specific activity, but also 

gradually acquire sensitivity to glucocorticoid induction (48). The 

acquisition of functional mRNA'^^'^ activity, as determined by in 

vitro translation and immunochemical titration, increases in parallel 

with that of enzjrrae activity (47). 

Thus, the working hypothesis of TAT developmental activation has 

been as follows. Some mechanism of intrauterine repression exists, 

resulting in a low level of expression that is refractory to liormonal 

modulation; release from that environment permits the gene to be 

expressed. All the data imply that activation is probably the con 

sequence of an increased rate of transcription. The molecular 

mechanisms underlying the activation event remain to be elucidated. 

The principal objective of this research was to further define 

the seqvience of events involved in the activation of TAT expression 

during liver differentiation. This approach has used a cloned cDNA to 

chemically titrate the TAT transcripts independently from their 

function. In the course of these experiments, the effect of the 

hypomethylating agent, S-azaC, was examined. The results strongly 

implicate DNA methylation as a highly significant component of the 

activatioii of TAT expression and other aspects of hepatic differen 

tiation. 



CHAPTER II 

ANALYSIS OF THE DEVELOPMENTAL ACTIVATION OF TYROSINE 

AMINOTRANSFERASS MESSENGER RNA SYNTHESIS 

Introduction 

Early in gestation the fetal rat liver is primarily a hemato-

poietic organ. However, as fetuses approach term, the hepatocyte 

component increases in both size and number (29). Hepatocellular 

development is accompanied by enzyraic differentiation, the acquisition 

of tissue-specific metabolic/biochemical functions in a regulated, 

temporally ordered pattern (32). Tyrosine aminotransferase is one of 

a number of liver-specific enzymes whose expression is markedly acti 

vated in neonatal rat liver. 

Specific aminotransferase activity is very low in fetal liver; in 

the hours immediately following birth, functional enzyme accumulates 

rapidly, peaking at approximately 12 hours post-partum, then declining 

to adult steady state levels by 24 to 36 hours (44). Release from the 

uterine environment is also followed by an increase in the transla-

tional capacity of the niRNA^^^, as detected by iri vitro translation 

and immunochemical tltration (47); functional mRNA'^^^ then accumu 

lates in concert with the neonatal increase of TAT activity. Under 

typical assay conditions, the fetal level of tdRNATAT translational 

activity is not reliably detected. Thus, in order to demonstrate the 

presence of this functional gene product in fetal liver, extraordinary 

assay conditions were devised. 
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Development of a cloned cDNA specific for ddRNA'^^T sequences has 

made possible the analysis of gene transcripts independent of func 

tion. This type of measurement permits a more direct assessment of 

TAT gene activity. Hybridization analyses were done throughout the 

perinatal period to quantitate transcripts in both cytoplasm and 

nuclei. These yielded the surprising result that cytoplasmic trans 

cripts are present at adult levels well before the mRNA is functional 

either in the hepatocyte or in a heterologous translation system. 

Preliminary experiments were done to probe the basis for the 

inactive mRNATAT sequences in newborn rat liver. There is evidence 

in the literature that some mRNA molecules are maintained in an 

inactive state in a nonpolysomal RNA-protein compartment in the 

cytoplasm (49,50). Testing this, the distribution of hybridizable 

mRNA''^^'^ sequences in post-mitochondrial supernatants was analyzed. 

These results do not expl.ain the inactive mRNA'^'-^T transcripts. 

Experimental Procedures 

Animals 

Virgin female Sprague-Dawley (strain CD/CR) rats (200 to 225 g 

from Charles River Breeding Laboratories) were placed with males 

overnight. Early the following afternoon, females were tested by 

vaginal smears for the presence of spermaUoza; those testing positive 

were considered to be in day one of gestation. Delivery is usually on 

day 22. Fetuses were taken for analysis early in the morning of the 

appropriate day. Precise age of newborns was established by direct 

observation of their birth. 
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Isolation of Cytoplasmlc Poly(A) RNA 

Livers from fetal or newborn rats were homogenized in three 

volumes 0.25 M sucrose plus polysome buffer (PB; 25 mM Tris-HCl, pH 

7.5, 25 nM NaCl, 5 mM MgCl2). The homogenates were centrifuged at 

300 X g for 10 minutes, then 12,000 x g for 10 minutes, and finally at 

27,000 X g for 20 minutes, at 4°C. Supernatants were taken and 

heparin added to 0.5 mg/ml. Polysomes and RNA-protein complexes were 

precipitated by the addition of MgCl2 to 100 mM and incubation at '♦"C 

for 90 minutes, as described by Palraiter (51). The precipitate was 

collected by centrifugation at 27,000 x g for 15 minutes, suspended in 

0.25 ml 0.25 M EDTA and solubilized in 1.0% sodium dodecyl sulfate 

(SDS). Poly(A) RNA was isolated by one passage through a one to two 

ml oligo(dT)-cellulose column (52). Tlie RNA was precipitated by the 

addition of Na-acetate to 0.23 M and two and one-half volumes absolute 

ethanol (ETCH) and stored at -20°C. 

Sucrose Gradient Fractionation of Poly(A) RMA 

Five to 20% sucrose (w/v) gradients in 20 mM Na-acetate, pH 5.5, 

5 nM EDTA, and 0.5% SDS were generated in 5.0 ml SW50.1 nitrocellulose 

tubes. The poly(A) RNA was heated for 3 minutes at 80°C in 0.2 ml 

sterile H2O and layered onto the tops of the gradients. The 

gradients were centrifuged at 40,000 rpm for 210 minutes, in a SW50.1 

rotor (Beckman) at 20'c. After centrifugation, the gradients were 

fractionated from top to bottom, 0.3 ml fractions collected, and the 

absorbance read at 254 nm. RNA from each fraction was precipitated by 

the addition of Na-acetate to 0.23 M and two and one-half volumes ETOH 

and stored at -20°C. 

12 



Cell-Free Protein Synthesis and Immunochemical Analysis 

Poly(A) RNAs were assayed for mRNA^AT activity by ̂ vitro 

translation in a reticulocyte lysate system. The lysate was prepared 

as described by Pelbam and Jackson (53) and treated with micrococcal 

nuclease to destroy endogenous mRNA activity. Prior to assay, each 

lysate was titrated to detemine the optimal K+ and Mg"'"'" concen 

trations, reaction time, and concentration of added poly(A) RNA giving 

a linear response in the incorporation of [^H] leucine into protein. 

In a typical 100 yl reaction, containing 50 yCi [^H] leucine (40-50 

Ci/mmol, Amersbam), 2.0 yg poly(A) RNA wag assayed. After incubation 

for 3 hours at 30°C, a small aliquot was removed for determination of 

total protein synthesis by the method of Mans and Novelli (54). The 

remainder of each sample was then used for specific immunoprecipita-

tion with antibody prepared against purified aminotransferase, 

followed by analysis of the immunoprecipitates by SDS-polyacrylamide 

gel electropboresis (Weber-Osborn gels, from 55) and quantitation as 

previously described (56). Authentic TAT migrates with an R^ = 0.295 

in this system. Aminotransferase mRNA activity was expressed as the 

percent of total [3h] leucine incorporated into protein that was 

detected in the specific immunoprecipitate. 

Isolation of Total Nuclear RNA 

Fetal and neonatal liver nuclei were prepared by a modification 

of the citric acid procedure (57,58). The tissue was homogenized in 

two and one-half volumes of 1 mM MgCl2, an equal volume of buffer A 

(100 iiM citric acid, 1 iiM MgCl2) was then added and mixed with one 

13 



stroke. The homogenate was filtered through four layers of sterile 

cheesecloth and centrifuged at 300 x g for 10 minutes, at -lO^C. The 

pellet was resuspended in 5 to 10 ml of buffer B (50 uM citric acid, 1 

mM MgCl2, 1.0% Triton X-100) using a small glass Bounce homogenizer. 

An equal volume of buffer C (0.5 M sucrose, 50 mM citric acid, 1 

MgCl2> 1.0% Triton X-100) was added and the mixture layered on top of 

10 ml buffer D (0.32 M sucrose, 50 mM citric acid, 1 mM MgCl2, 1.0% 

Triton X-100) in a 30 ml Corex tube, then centrifuged at 800 x g for 

10 minutes, at -10°C. The nuclei were resuspended in a small volume 

(0.5 to 1.0 ml per 2 to 3 g tissue) of 25% glycerol, 10 nM Tris-HCl, 

pH 7.5, 1 mM MgCl2 and stored at -20''c prior to the isolation of 

nuclear RNA. 

The nuclei were lysed on ice in approximately 7 to 8 ml of 5 M 

guanidine thiocyanate (Kodak), 25 nM Tris-HCl, pH 7.5, 0.5% 

Na-N~lauryl sarcosinate, 0.1 M p-mercaptoethanol. Seven and one-half 

ml of that extract was layered on top of a 4 ml cushion of 5.7 M CsCl, 

100 mM EDTA, pH 7.4 in an SW41 polyallomer tube. The samples were 

centrifuged at 36,000 rpm for 17 to 18 hours at 20°C (59). Under 

these conditions, the RNA is pelleted to the bottom of the tube. Each 

pellet was dissolved in 1.0 ml of 0.5 nW EDTA, 0.05% BBS by heating 

for 30 to 60 seconds at 65*'c. The RNA was precipitated by the 

addition of Na-acetate to 0.23 M and two and one-half volumes ETOH. 

Hybridot Analysis 

Cytoplasmic poly(A) RNAs or total nuclear RNAs were bound to 

nitrocellulose sheets under conditions of high salt (20X BSC: 3 M 
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NaCl, 0.3 M Na-citrate) using the Bethesda Research Laboratory (BRL) 

hybridot manifold. Prior to spotting with RNA, the nitrocellulose 

sheets (BRL) were rinsed with H2O and then soaked in 20X SSC for 

approximately 2 to 6 hours. After spotting the RNAs, the nitro 

cellulose sheet was baked ̂ vacuo for 2 to 4 hours at 80°C. The 

sheets were prehybridized for 2 to 16 hours in a small volume of 50% 

deionized formamide, IX hybridization buffer (5X SSC, 50 nM 

Na-phosphate, pH 6.5, 250 pg/ml sheared salmon sperm DNA, 0.02% each 

of bovine serum albumin (BSA), Ficoll and polyvlnylpyrrolidone) at 

42°C as described by Thomas (60). For each experiment, the approp 

riate amount of probe, 2 to 3 x IO6 cpm of T4 DNA polymerase labeled 

cDNATAT^ was taken, denatured by heating at lOO^C for 5 minutes, 

quick-chilled, added to an equal volume of 100% deionized formamide 

and then mixed with 50% formamide, IX hybrization buffer to the final 

volume. This solution was then added to the pretreated nitrocellulose 

sheet for 18 to 24 hours hybridization at 42''C. After hybridization, 

unbound DNA was removed from the sheet by leashing with 2X SSC, 0.1% 

SUS at 50°C, then with 0.2X SSC, 0.1% SDS at 42''C, repeating this 

cycle 2 to 4 times. The washed dot blot was exposed to Kodak X-AR5 

film, with two Cronex Intensifying screens at -70°C for one to two 

days. The hybridot films were analyzed by densitoraetrlc scanning. 

T4 DNA Polymerase Labeling of Cloned cDM^Ai 

Purified cloned cDNATAT (Hae III/Hha I or Hind III/Ava II 

fragments) was generously made available by Kai-Lln Lee. The cDNA 

strand of the DNA duplex was preferentially labeled using T4 DNA 
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polymerase (61). The theory of the procedure is as follows. Nucleo-

tldes are excised from the 3' termini by the T4 enzyme in the absence 

of deoxynucleoside triphosphates (dNTPs). The addition of unlabeled 

dNTPs plus a~[^^P]-dCTP inhibits the exonuclease activity and 

initiates the resynthesis (filling-in) reaction. Thus the end product 

of the reaction is an intact, labeled duplex, suitable not only for 

hybridization experiments but also chromatographic studies. For each 

reaction, 0.2 to 0.5 pg of DNA were digested with T4 DM polymerase 

(6.25 units enzyme/yg DNA) in a buffer of 33 Tris-acetate, pH 7.9, 

66 nM K-acetate, 10 nM Mg-acetate, 100 pg/ml BSA, 0.5 nM dithio-

threitol in 20 yl for 60 minutes, at 37"C. The synthesis reaction was 

initiated by the addition of dNTPs to 150 to 200 pM and 50 yCi 

a-[32p]-dCTP (New England Nuclear NEC - 013H, > 2800 Ci/nM) in a 

final volume of 50 yl, and the mixture was incubated for 45 minutes, 

at 37''C. The reaction was forced to completion by the addition of 

unlabeled dCTP for a second 45 minute interval (total synthesis time: 

90 minutes). The reaction was terminated by the addition of EDTA. 

The labeled DNA was separated from unincorporated a-[32pj_dcxp |jy 

gel filtration chromatography over a 10 ml column of Biorad A.5m 

agarose beads in A.5m column buffer (10 nM Tris-HCl, pH 8.0, 80 hW 

NaCl, 0.2 nM EDTA). The DNA eluted in the void volume; those 

fractions containing labeled material were pooled and stored at 4°C. 

The specific activity of this material was greater than 1 x 10^ cpm/yg 

DNA. 
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Sucrose Gradient Analysis of Post Mitochondria1 Supernatants 

Perinatal and adult livers were homogenized in two volumes 0.25 M 

sucrose in PB and centrifuged to prepare a 27,000 x g supernatant 

fraction. To each sample, heparin was added to 0.5 mg/ml and Triton 

X-100 and Na-deoxycholate (DOC) to 1.0%. One-half ml was then layered 

on a linear 0.303 M to 1.375 M sucrose gradient in PB plus heparin 

with a one ml cushion of 1.8 M sucrose and centrifuged at 39,000 rpm 

for 4 hours, 15 minutes, at 4®C in an SW40 rotor (conditions modified 

from Geoghegan, et al. [49]). After centrifugation, each gradient was 

fractionated from top to bottom; 0.8 ml fractions collected, and the 

absorbance read at 254 nm. 

To analyze the distribution of mRNA'^^1 sequences, each gradient 

fraction was immediately denatured with an equal volume 12X SSC, 14.8% 

O 

formaldehyde. An aliquot from each fraction was heated at 60 C for 

20 minutes, then diluted 10-fold for application to nitrocellulose. 

This was a modification of a method described by White and Bancroft 

(62). Hybridization conditions were as described in Hybridot 

Analysis, this section. Gradient films were analyzed by densito-

metric scanning. For each gradient, the total number of integration 

units was calculated, and the fraction of mRNA^'^^ sequences detected 

in each fraction is presented as a percentage of that total. 

Results 

Functional mEUJA in Fetal Rat Liver 

The routine immunoprecipitation assay for roRNA-directed synthesis 

of tyrosine aminotransferase was virtually negative when the 
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translation products of poly(A) RNA from late fetal livers were 

analyzed (47). It could be hypothesized that the inherent insensi-

tivity of this heterologous^vitro system plus the significant 

fraction of globin mRNA present in fetal poly(A) RNA populations would 

Tnask the presumably low level of mRNA'rAT present. To circumvent 

these difficulties, extraordinary assay conditions were devised. 

Poly(A) RNA was isolated from a large number of litters by 

MgH+-precipitation of polysomes and mRNA-protein complexes from 

27,000 X g supernatant fractions followed by oligo(dT)-chromatography. 

Poly(A) RNAs greater than 18S were selected after centrifugation 

through sucrose gradients (Figure 1); a comparable preparation from 

adult liver was similarly treated to serve as the control. The 

partially purified poly(A) RNAs were translated in a 1.0 ml reaction, 

thus increasing by 10-fold over standard assay conditions the number 

of mRNAs to be assayed. With these modifications, functional 

mRNATAT was detected in fetal poiy(A) RNA as seen in the electro-

phoretic profiles of immunoprecipitates shown in Figure 2. Given the 

usual correction for background radioactivity, the aminotransferase 

mRNA activity of the 18 and 19 day fetal sample was 0.019% of the 

total selected mRNA activity. Another experiment using these pro 

cedures and poly(A) RNA from 20 and 21 day fetal livers gave a 

raRNAlAT activity of 0.02% of the total. Similarly analyzed, the 

adult level was 0.27%. Therefore, in good agreement with the observed 

10 to 15-fold difference in specific enzyme activities between fetal 

and adult livers, this analysis showed that mRNA^^^ activity is 
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Figure 1. Selection of Large mRNAs for Translation. Adult and 
18 and 19 day fetal poly(A) RNAs were partially purified by 
centrifugation through 5 to 20% sucrose gradients as described in the 
text. For each sarople, fractions 6 through 9 were pooled and assayed 
for dbRNATA''^ activity by translation in a retlculocyte lysate system. 
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indeed present in fetal rat liver, but at levels at least 10-fold less 

than in the adult. 

Titration of Hybridizable RNA Sequences 

Several technological advances within the past two years made 

this analysis possible. First, a cloned cDNA, specific for tyrosine 

aminotransferase sequences, was prepared (manuscript in preparation). 

Then, a method was worked out using T4 DNA polyraerase to label that 

DNA to a high specific activity (61). The development of hybridot 

methodology (60) as an alternative to solution hybridization to 

quantitate the relative number of sequences made the analysis of 

multiple samples easier and more direct. Finally, the use of densi-

tometric scanning facilitated the interpretation of the hybridot 

autoradiographs by assigning a number proportional to spot intensity. 

Perinatal poly(A) RNAs were bound to nitrocellulose, probed with 

labeled cDNATAT^ and exposed to X-ray film as described. Figure 3 

illustrates the kind of data one obtains from the dot hybridization 

technique. The film presented in Figure 3 was scanned; Figure 4 

presents a plot which compares integration units detected to the 

concentration of RNA applied for five of the samples. Within a linear 

scanning range, the number of integration units plotted was propor 

tional both to the amount of RNA available and to the extent of 

hybridization detectable. To account for varying ranges of linearity 

relative to RNA concentration for different time points, the best fit 

line was calculated by linear regression for each sample. The 

relative number of sequences were quantitated by comparing for each 
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Figure 3. Hybridot Analysis of triRNAT"^'^ Sequences in Perinatal 

Rat Liver. Cytoplasmic poly(A) RNAs were isolated and bound to nitro 
cellulose sheets. Following hybridization with labeled cLNA^AT^ 
extent of hybridization was detected by autoradiography. Adult, a; 19 
and 20 day fetal, b; 21 day fetal, c; newborn at birth, d; 6 hours 
after birth, e; 12 hours, f; 19 hours, g; 24 hours, h and i. 
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sample the number of integration units for 0.5 yg of SNA, as deter 

mined from the best-fit line. 

The results of a large number of samples and experiments are 

summarized in Figure 5. The lowest level of sequences was titrated 

from 19 and 20 day fetal samples. This level was set as one to 

establish a baseline for comparison and further discussion. The 

relative number of sequences increased two-fold the day prior to birth 

and remained constant until parturition. This increase in sequence 

concentration (although consistent over the last day and a half of 

gestation) represents a comparison of the means from each time point 

sampled; the difference was found not to be statistically significant 

(a=0.05). In poly(A) RNA from newborn liver, hybridizable araino-

transferase mRNA sequences were at the adult level. The increased 

number of sequences was unexpected; therefore this time point was 

sampled many times and the initial observation was confirmed. The 

level of sequences remained statistically (n=0.05) constant during the 

first 12 hours after birth. Sequences declined thereafter to 24 

hours, the last neonatal time point analyzed. 

Developmental activation of tyrosine aminotransferase has now 

been described in terms of enzyme and mRNA^AT activities (44,47) as 

well as by titratlon of hybridizable sequences, as shown in Figure 6. 

Most striking is the accumulation of sequences in the newborn cyto 

plasm without a concomitant increase in either enzyme or mRNATAT 

activity. It is of note that the sequences are without function both 

in the hepatocyte and in the reticulocyte lysate system. 
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Figure 5. Accumulation of Hybridizable Cytoplasraic idRNATAT 
Sequences During Development. Hybridot films were analyzed by 
densitometric scanning and quantitated as described in the text. All 
perinatal and adult samples tested have been related to the mean value 
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Figure 6. Time Course of the Developmental Activation of 
Tyrosine Aminotransferase Expression. Three parameters of TAT 
expression have been analyzed throughout the perinatal period. The 
enzyme was assayed in the 27,000 x g supernatant fraction of liver 
homogenates (O O)» Cytoplasmic poly(A) RNA was isolated. The 
mRNA-directed in vitro translation products were immunopreclpitated 

to quantitate mRNAfAT activity at each time point (0-—-iO)- These 
data are replotted from Perry,^ (^7). Hybridizable toRNA'^AT 
sequences were quantitated as described in Figure 5 (/S 
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The increase in cytoplasraic transcripts seen just before and at 

birth are likely to be the consequence of increased gene transcrip 

tion. As an approach to determining this, nuclear transcripts were 

measured since they would be expected to change in parallel if 

transcription were responsible for the increase in cytoplasmic 

sequences. 

Titration of nuclear transcripts by the hybridot method showed 

that hybridizable nuclear RNA sequences did indeed incx^ease prior to 

birth and in newborns. Furthermore, the sequences accumulated to the 

same extent and with the same kinetics as the cytoplasraic inRNA'^AT 

sequences (Figure 7). From this analysis, it would appear that the 

increase in cytoplasmic sequences is the consequence of an increased 

level of TAT transcription. Direct measurement of this parameter 

would involve analysis of run-off transcripts in isolated nuclei. 

Many attempts have been made to isolate "transcription-grade" nuclei 

from fetal liver, but to date, suitable nuclei have not yet been 

obtained. 

Sequence Distribution jUn Post-Mitochondrial Supernatant Fractions 

The accumulation of cytoplasmic transcripts for a significant 

period of time prior to their functional appearance, ascertained 

either by enzyme activity vivo or by translational capacity in 

vitro, argues strongly for a post-transcriptional point of regulation, 

probably at the level of translation. In this case, one could 

hypothesize that the translationally inactive sequences might be 

sequestered in a nonpolysomal compartment of the cytoplasm. 
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Figure 7. Hybridizable Nuclear RNA Sequences Increase 
Immediately Prior to Birth. Total nuclear RNA (O O)was isolated 
by lysing purified fetal and newborn nuclei in 5 M guanidine 
thiocyanate extraction buffer and pelleting the RNA by centrifugation 
through 5.7 M CsCl2, 100 mM EDTA. Analysis and quantitation were done 
as described in Figures 3 and 4. Each point represents the mean ± 
S.E. for multiple determinations of three individual samples at each 
time point. Cytoplasmic (O O)sequence measurements are presented 
for comparison. 
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In order to test this hypothesis, the following experiment was 

done. Post-mitochondrial supernatants from fetal, newborn, and adult 

rat liver horaogenates were treated with heparin, Triton X-100 and DOC 

and analyzed after centrifugation through 0.303 M to 1.375 M sucrose 

gradients. Two sets of information were generated from each gradient, 

an absorbance profile and a pattern of the hybridizable raRNA^'^^ 

sequences. The most dramatic observation from this set of experiments 

was the diminution in large polysomes with a concomitant increase in 

monosomes in the extracts from newborn livers relative to either the 

fetal or the adult samples. The differing absorbance profiles of each 

timepoint are superimposed on essentially identical patterns of 

mRNATAT sequence distribution; the majority of the sequences appear 

to be in the polysorae fraction, as shown in Figure 8. Therefore, in 

spite of widely varying PdJA-protein complex compartments, the array of 

mRNA''^^^ sequences appeared to remain constant. 

Discussion 

Selection and translation of partially purified fetal poly(A) 

RNAs established unequivocally that active toRNATAT ^an be detected 

in late-terra fetal liver. This is contrary to the report of 

Ruiz-Bravo and Ernest (63), who used only conventional translation 

techniques. Together with demonstration of authentic enzyme activity 

by Perry, et al. (47), these results establish that the TAT gene is 

being expressed in late term fetuses, albeit at very low levels 

relative to the adult. 
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Figure 8. Sucrose Gradient Analysis of mRNA*^^"^ Sequence
Distribution in Post-Mitochondrial Supernatants. Equal volumes of 
fetal, newborn and adult post-mitochondrial supernatant fractions were 
layered onto 0.303 M to 1.375 M sucrose gradients and centrifuged as 
described in the text. Each gradient was fractionated and the absor-
bance at 254 nm was recorded. Each gradient fraction was immediately
denatured with an equal volume 12X SSC, 14.8% formaldehyde. An 
aliquot from each fraction was heated at 60®C for 20 minutes then 
diluted 10-fold prior to application onto nitrocellulose. Hybri 
dization conditions are as outlined in Figure 3. 
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Messenger RNA sequence tltration of cytoplasmic poly(A) RNAs 

revealed several interesting and important aspects of developmental 

gene activation. The lowest level of sequences were found in 19 to 20 

day fetal livers. This is in agreement with the low levels of 

functional gene products. Sequences increased rapidly in the last 

days prior to birth and are at or greater than adult levels in the 

. newborn. Owing to the heterogeneity of the perinatal liver cell 

population, precise comparisons are not meaningful. This increase in 

hybridizable sequences is likely due to an increased rate of TAT 

transcription. In accord with this concept, nuclear RNAs were found 

to increase to the same extent and with the same kinetics as the 

cytoplasmic sequences. This analysis does not preclude changes in 

icRNA degradation or the processing of transcripts as possible 

mechanisms controlling the number of sequences. The means and the 

methods to distinguish between these possibilities have not yet been 

developed. 

The observation that hybridizable sequences increase well before 

any change in functional mRNA is direct evidence for post-transcrip-

tional control superimposed on the presumed transcriptional change 

responsible for the increased number of transcripts. Dot blot data 

are limited in that no structural information concerning the hybri 

dizable sequences is presented. There are reports in the literature 

(64,65) of differing mRNA species during development which code for 

the same gene product. Northern analysis of fetal and newborn poly(A) 

RNAs (data not presented) do not show any difference in size, only in 
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quantity (and extent of degradation) of the hybridizing species. 

Thus, at this point, no structural feature can be evoked to account 

for the degree of translational capacity of the perinatal mRNATAT 

sequences. 

Analyses designed to determine if mRNA^^^ is nonfunctional 

owing to sequestration in a nonpolysomal compartment indicate that 

this is not the case. The nonpolysomal RNA-protein complex com 

partment is one of great flux. The niRNAs present in this compartment 

can include those just transported from the nucleus, those bound with 

translational inhibitors (either protein or RNA species) and those in 

the process of degradative turnover (66). Thus, it must be recognized 

that the potential for these experiments to yield artifactual results 

is large; i.e., the nonfunctional mRNA may be present in an unusually 

labile configuration and would not be detected. Further work is 

needed, and is in progress, to clarify this and to define the 

factor(s) responsible for the inabilitj' of those transcripts to be 

translated. 
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CHAPTER III 

ANALYSIS OF THE EFFECT OF 5-AZAC\TIDINE ON 

HEPATIC DIFFERENTIATION 

Introduction 

A description of normal TAT developmental activation in terms of 

enzyme and mRNA^^^ activities and of TAT transcript accumulation now 

exists. It can be inferred from the data presented that activation of 

TAT expression is primarily the consequence of an increased rate of 

TAT gene transcription. Now the question moves one step back—what is 

the molecular mechanism, what happens to the TAT gene/chromatin 

structure so that transcription is increased? 

In several recent studies, site-specific DNA demethylation has 

been proposed as a key mechanism in specific gene activation occurring 

during differentiation. 5-Azacytidine is a potent inhibitor of DNA 

methylation but has several other biological effects (20). The 

mechanism of the hyponiethylating effect is not known, although models 

have been proposed (28). In cell culture, treatment with this com 

pound has induced cellular differentiation (22-24), reversed 

X-chromosome inactivation (21), and modulated the expression of 

specific genes (26). Treatment of a E^-thalasseraia patient with 

5-azaC reactivated fetal R-globin gene expression (27). 

Since the activation of TAT expression is a model for acqviisition 

of liver-specific functions by the developing hepatocyte population, 

it was of interest to determine if the extent or nature of specific 
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DNA methylations could serve a regulatory function in TAT develop 

ment* Thus, by treating fetuses in utero with 5-azaC, as a 

hypomethylating agent, I asked whether DNA methylations may be 

involved in the activation of TAT expression during normal 

hepatocellular differentiation. 

Experimental Procedures 

Animals 

Sprague-Dawley rats were bred and pregnancies timed as described 

in Chapter II. All injections were done late in the twentieth day of 

gestation. 5-Azacytidine (Sigma) was dissolved in sterile 0.15 M NaCl 

at the appropriate concentrations and injections of 100 yl were nade 

intraperitoneally to individual fetuses of anesthetized, laparotomized 

dams. The abdomen was then siitured closed. At the appropriate times 

following injection, the dams were again anesthetized and the fetuses 

taken and killed by decapitation. Controls v;ere age-matched fetuses, 

either untreated, or administered similar concentrations of cytidine 

or cytosine arabinoside (Sigma), or of 6-azacytidine (PL Biocheraicals) 

in the same fashion as 5-azaC was given. 

Enzyme Assays 

For determination of tyrosine aminotransferase enzyme levels, 

12,000 X g or 27,000 x g supernatants of liver homogenates were 

prepared and then assayed by a modification of the method of Briggs 

(67); the enzyme unit is the amount catalyzing the formation of 1 nmol 

product per minute. Phosphoenolpyruvate carboxykinase (E.G. 4.1.1.32, 
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PEPCK) activity was measured in 105,000 x g supernatant fractions of 

fetal or adult liver homogeriateS. The hotnogenates were prepared by 

homogenizing freshly excised tissue in five volumes of a buffer 

containing 50 mM Hepes, pH 7.6, 100 nM KCl, 1 nM EDTA, 1 mM DTT. The 

homogenates were filtered, centrifuged to prepare first a 27,000 x g 

supernatant, which was then centrifuged at 34,000 rpm for 60 minutes 

iti a type 50 rotor at 4°C to prepare the 105,000 x g supernatant. The 

assay determines the IDP-dependent incorporation of NaH [^^C] CO3 

into oxaloacetate, with malic dehydrogenase (NADH) driving the 

reaction (and labeled product) to malate (method courtesy Wesley D. 

Wicks, from 68); the enzyme unit is the amount catalyzing the 

formation of 1 nmol product per minute. Glucose-6-phosphatase 

(E.G. 3.1.3.9) and tryptophan dioxygenase (E.G. 1.13.1.12) were 

assayed as described by Burch, et £l. (69), and Schutz and Feigelson 

(70), respectively. Protein content of the svipernatant fractions was 

estimated using Biorad protein reagent, with BSA as the standard. 

Polyacrylamide Slab Gel Electrophoresis 

Slab gels containing 13% (or 10%) acrylamide, and 0.35% (or 

0.27%) bls-acrylamide were prepared with 3% acrylamide stacking gels, 

following the procedure of Laemtnll (71). Protein samples (from 

105,000 X g supernatant fractions or vitro translation assays) were 

electrophoresed through the stacking gel at 30 mA (constant current), 

then at 100 V (constant voltage) through the resolving gel until the 

dye front reached the edge. The gel was then fixed and stained 
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overnight in 0.05% Coomassie blue, 45% EtOH, 10% acetic acid, and then 

destalned In 5% methanol (MeOli), 7% acetic acid. The destalned gels 

were analyzed by densitoraetrlc scanning. If the gel was to be 

analyzed by fluorography, It was fixed first In 10% TCA, 10% acetic 

acid, 30% MeOH for 4 to 5 hours, and then soaked overnight In 10% 

acetic acid, 30% MeOH. Next, the gel was treated for 30 minutes with 

Enlightening (New England Nuclear), dried under vacuum for one hour, 

then wrapped In Saran and exposed to X-ray film with two Cronex 

Intensifying screens at -70 C for one to two days. 

Histology 

Freshly excised livers from treated and untreated 21 day fetal 

rats (0.15 g liver wet weight) were fixed for several days In 10 ml 

buffered formalin prior to embedding, sectioning, mounting and 

staining. Paraffin sections were stained v/lth hematoxylln and eosln 

to demonstrate tissue organization. Specific hlstochemlcal stains for 

glycogen (periodic acid—Schlff reagent, PAS) and llpld (Sudan black 

and/or oil red 0) content were also performed. 

Electron Microscopy 

Freshly excised fetal rat livers from treated and untreated 21 

day fetuses were Immediately fixed In modified Karnovsky's fixative 

(2% glutaraldehyde, 2.5% paraformaldehyde, 0.1 M phosphate buffer) and 

post-fixed In 1% osmium tetroxlde. The tissue was dehydrated In 

graded ethanols and then embedded In Epon 812. Pale gold sections 

were stained with uranyl acetate and lead citrate and examined with a 
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Siemens lA electron microscope; low magnification (2,000X) survey 

photos were taken. 

Other Procedures 

Preparation of poly(A) RNA, dot hybridization analysis, in vitro 

translation assay and immunocheraical titration, and sucrose gradient 

fractionation of RNA were carried out as described in Chapter II. 

Results 

Activation of Tyrosine Aminotransferase 

I have found that treatment of 20 day fetuses vivo with 5-azaC 

fully activates expression of the TAT gene. 

Activation of aminotransferase activity, the first parameter 

studied, was strongly dose-dependent (Figure 9). At the lowest 

concentrations tested (100-200 yg/fetus) there was little effect on 

enzyme activity. At the optimal dose (400 yg/fetus) amlnotransferase 

specific activity increased about 70-fold in 18 hours. Under these 

conditions survival was always greater than 50%. If the dose was 

increased to 500 yg, survival decreased to unacceptable levels and 

induction was reduced in the surviving fetuses. To approach the 

question of whether hyporaethylation of UNA may be implicated in the Jji 

vivo activation of TAT expression by 5-azaC observed, rat fetuses were 

treated with unmodified cytidine and with the toxic analogs cytosine 

arabinoside or 6-azacytidine; none of these compounds affect the 

methylation of UNA. Results of these control experiments show that 

these agents are not capable of inducing the dramatic Increase in 
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Figure 9. Dose Response of Tyrosine AraLnotransferase Activity. 
Fetuses were treated with increasing doses of 5-azacytidine. All 
measurements were made 18 hours after treatment. The enzyme was 
assayed in 12,000 x g supernatant fractions of liver horaogenates. 
Each point represents the mean ±S.E. for a minimum of three samples 
at each concentration tested. 
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expression effected by 5-azaC. The 6-aza analog did elicit a slight 

increase in aminotransferase activity in some fetuses but the effect 

was quite inconsistent; cytidine and cytosine arabinoside,were without 

effect (Table I). 

A number of experiments in which the time course of the appear 

ance of the various parameters of TAT gene expression were measured, 

following an optimal dose of 5-azaC, are summarized in Figure 10. 

There is a lag time of about nine hours before an appreciable increase 

in enzyme activity is detected, followed by an abrupt and rapid 

increase in this parameter to very high levels (78.6 ± 10.33 units/mg 

protein) after 18 hours of treatment. This level is nearly five-fold 

above the steady-state level in adult livers (~16 units/mg protein). 

Toxicity of the drug became increasingly apparent at treatment times 

greater than 18 hours, so I have not extended these experiments beyond 

that time. In normal development, the postnatal activation of TAT 

expression is accompanied by acquisition of the capacity to respond to 

induction by glucocorticoids (44,47). In an effort to determine if 

the precocious activation by 5-azaC also confers this capacity, hydro-

cortisone (5 mg/100 g body weight) was given either intraperitoneally 

or intravenously to dams carrying treated fetuses, 13 hours after the 

drug and 5 hours before the fetuses were taken for analysis. The 

hormone did not further increase enzyme levels at 18 hours (54.8 ± 3.7 

units/mg protein). 

Like the development of enzyme activity following administration 

of 5-azaC, there is a lag period of about nine hours before an 
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TABLE I 

Effects of Cytidine and its Analogs on Tyrosine Aminotransferase 
Expression in Livers of Fetal Rats 

Aminotransferase Activity* 
Treatment (Units/mg Protein) 

None 0.78 + 0.11 

Cytidine 0.52 + 0.04 

Cytosine arabinoside 1.06 + 0.06 

6~Azacytidine 2.56 + 1.96 

5-Azacytidine 78.61 + 10.33 

*Data are the mean + S.E. for a minimum of three or four 

individual determinations made on pooled livers of three to four 
fetuses in each group. Doses of cytidine and its analogs were 400 
pg/fetus. Treatment time was 18 hours. 

40 



 

>- 8 
h- ^ X 

t 
LlI > Z 

O
< 80 CD 0.08 I- y 
H 

< 
LU <^ 

N 
CO 

< Q.< Q 

q:_ iscc 
LJ LU 10 m 
li- J— CO E S 
(Oo >-

LU 
X LU

01 
CO 

< Q- E< 
LU cxo 

o 
3 

o> -0.04£\ 
o 40 lu a Ll6 LU 
2 LU co>CO 

r- CO 2I— > 
<< 
N<2 X 

O-J h-
_J 

2 
20- LU 

LU 
Ll 01 o 

2 c 

o 
LiJ S E 
LL 

^ oCO 
0 ^0 

6 12 18 
HR.TREATMENT 

Figure 10. Time Course of Activation of Tyrosine Amlnotrans-
ferase Expression. Fetuses were treated iu utero with 400 pg 
5-azacytidine each. Three parameters of TAT expression were analyzed 
at each time point. The enzyme was assayed in the 27,000 x g 
supernatant fraction of liver horaogenates (©——©)• Cytcplasraic 
poly(A) RNA was isolated. The mRNA-directed in vitro translation 
products were immunoprecipitated to quantitate mRNATAT activity at 
each time point (A——A)- Hybridizable mRNA*^^'''^ sequences were 
quantitated by hybridot analysis and densitoraetric scanning (O O)• 
The data represent the mean + S.E. for multiple determinations of 2 to 
4 samples at each time point for all parameters assayed. The points 
without error bars represent analysis of a single sample. 
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increase in mRNA'^^'^ translational activity is detected. Following 

18 hours treatment, the mRNA^AT activity had increased 15-fold above 

untreated fetal values (~0.005%) to 0.075% of the total protein 

synthesized in the reticulocyte lysate system. 

Hybridot analysis of cytoplasmic poly(A) RNAs detected a rapid 

accumulation of hybridizable sequences following 5-azaC treatment 

(Figure 11). The level of sequences increased seven-fold after six 

hours of treatment, peaking after nine hours at a level 12.5 times 

greater than that of the untreated 20 day fetus. As in normal 

development, once the sequences have peaked in quantity, there is a 

transient decline in their number (9.2 fold induced at 14 hours), 

followed by an increase after 18 hours (10.2 fold level of induction). 

The apparent decline in the concentration of sequences assayed at 14 

or 18 hours relative to that concentration at 9 hours following treat 

ment represents a comparison of means. The differences are not 

statistically significant at a=0.05. 

The time course of the appearance and functional activity of TAT 

gene products induced by 5-azaC closely mimics the pattern seen during 

normal development activation (Figure 6, page 26). Again, hybri 

dizable mRNA^^^ sequences accumulate prior to the concerted 

acqusition of aminotcansferase enzyme and niRNA activites. 

Effects o^ Other Components of Hepatic Differentiation 

Hepatic differentiation is influenced by 5-azaC in a more 

profound fashion than simply the activation of this single enzyme. In 

the course of the experiments described above, I noted that the gross 
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Figure 11. Hybridot Analysis of mRNA'^^^'^ Accumulation Following
5-Azacytidine Treatment- Cytoplasmic poly(A) RNAs were isolated, 
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appearance of the fetal liver was markedly altered 14 or 18 hours 

after treatment with the drug. At the level of light microscopy, 

morphological changes are quite apparent (Figure 12, A and B). At 21 

days of gestation, fetal rat liver is composed of two distinct cell 

components; hepatocytes and erythroid elements in roughly a one to 

two ratio. The hepatocyte cytoplasm is sparse and these cells seem 

only loosely arrayed in the sinusoidal pattern characteristic of adult 

(fully differentiated) liver. In contrast, the hepatocytes following 

14 hours treatment with 5-azaC are much more basophilic and the 

sinusoidal plating of cells is better defined. The change in 

appearance of the liver is not due to overt hematopoietic cell 

cytotoxicity, as direct counts of hepatocyte and erythroid nuclei 

showed that both the number and ratio remained constant. Thus, 

qualitatively, treatment with 5-azaC caused the fetal hepatocytes to 

acquire a more adult morphology utero. 

To dissect the biochemical components which could one, contribute 

to this altered morphology and two, reflect possible enzymic or 

biochemical differentiation following 5-azaC treatment, a variety of 

additional parameters were explored. Ultrastruetural analysis of 

fetal rat liver following 5-azaC treatment revealed significant 

differences in the levels of stored carbohydrate (glycogen) and 

lipid. The large amount of glycogen deposited in fetal hepatocytes in 

the days immediately prior to birth is clearly visible in 21 day fetal 

liver (Figure 13 A). Much of this stored glycogen is depleted 

following 18 hours of 5-azaC treatment, as seen in Figure 13 B. This 

was also apparent as the loss of PAS-positive material in 
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Figure 12. Fetal Rat Liver Morphology. C460x). Paraffin 
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Figijre 13. Lipid and Glycogen Stores in Fetal Liver visualized 
by Electron Microscopy. (3400x). Gold sections of 21 day fetal rat 
liver (A) and 20 day fetal rat liver following 18 hours treatment with 
5-azacytidine (B) were stained with lead citrate and uranyl acetate 
and low magnification electron photomicrographs taken. 



histochemlcal staining of light microscope specimens (data not 

shown). Direct chemical analysis (72) of liver glycogen content 

showed a decrease from 61.5 i 9.68 mg to 8.20 ± 0.58 mg per gram 

liver. Also striking in the ultrastructural studies are the increased 

lipid deposits in hepatocytes of livers from treated fetuses (Figure 

13 A and B); this was also apparent in histochemical staining (not 

shown). Chemical analysis of lipid content revealed that total lipids 

increased nearly two-fold, from 13.65 mg to 24.11 mg per gram liver. 

Increased levels of triglycerides following treatment were found to 

account for the difference between the two samples when these were 

analyzed by thin layer chromatography. The chemical determination of 

lipid content for these tissues was done courtesy of Ten-Ching Lee. 

In some photomicrographs, the development of a smooth endoplasraic 

reticulum, as well as a more predominant rough endoplasmic reticulura, 

are evident following 5-azaC treatment• 

Sucrose gradient analysis of poly(A) R.NAs isolated from fetal 

livers following 14 hours treatment with 5-azaC revealed several 

interesting features relative to that of an age-matched untreated 

control, as seen in Figure 14. The concentration of the globin itiRNA 

component, sedimenting at ~9S, remained constant. This is further 

evidence that 5~azaC does not cause erythroid cytotoxicity. There is 

some decrease in the amount of RNA sedimenting at 188 following 

treatment. The nature of that RNA sedimenting at 43S is not known, 

although preliminary experiments have shown it to be translationally 

active. This rapidly sedimenting RNA has been seen in multiple 
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Figure 14. Sucrose Gradient Analysis .of Fetal Poly(A) RNAs. 
Cytoplasmic poly(A) RNAs were isolated from 21 day fetal liver (solid 
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samples isolated following 14 hours of treatment, but was not detected 

in samples prepared after 9 or 18 hours of treatment. 

In vitro translation products of poly(A) RNA from 21 day fetal 

liver and from fetal liver 18 hours after the administration of 5-azaC 

reveal few differences in electrophoretic profile (data not shown). 

Following 18 hours 5-azaC treatment, the in vitro translational 

capacity of the poly(A) RNA decreases to about 60% of that of the 

untreated fetal level. 

By one-dimensional denaturing electrophoresis of 105,000 x g 

soluble proteins from fetal liver homogenates, and densitometric 

scanning of the gel, we have detected at least eight greatly increased 

protein bands following treatment with 5-azaC for 18 hours (Figure 

15). The proteins range from 17,500 to over 100,000 daltons. Globin 

is missing from these gel scans as this protein is not fixed by 10% 

acetic acid. 

We have assayed for other developmentally regulated enzymes, to 

see if treatment with 5-azaC activated their expression. Phospho-

enOlpyruvate carboxykinase is the only enzyme assayed to date whose 

activity increased following 18 hours treatment. The mean of two 

experiments showed a 10-fold induction of specific activity above 

fetal control levels, 0.51 ± 0.23 units to 4.98 ± 0.22 units per mg 

protein, but that activity was only about 25% of the steady state 

adult level. It is interesting that PEPCK activity should be 

increased, as it is in the same developmental cluster (neonatal) as 

TAT. Activities of glucose-6~phosphatase (which normally increases 
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Figure 15. Electrophoretlc Analysis of Soluble Proteins from 
Fetal Liver. 105,000 x g Supernatant fractions derived from 21 day 
fetal rat liver (solid line) and 21 day fetal rat liver following 18 
hours of treatment with 5-azacytidine (broken line) were subjected to 
electrophoresis through a 10% SDS-polyacrylaraide gel. Equal amounts 
of protein were applied for each sample. Analysis of the protein 
profiles was by densitometric scanning. 
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prior to birth) and of tryptophan dioxygenase (which appears in the 

weaning period) were not significantly changed by 5-azaC treatment. 

We have concluded from these analyses that treatment of 20 day 

rat fetuses in utero with 5-azaC does exert a more extensive effect on 

hepatic development than activation of TAT expression alone. There 

are changes in the stored lipid and carbohydrate compartments, as well 

as in the protein and RNA populations. 

Discussion 

The data presented show that treatment of 20 day rat fetuses 1^ 

utero with 5-azaC activates the production of TAT gene products in a 

pattern not unlike that seen during normal developmeiit. The action of 

this drug as a DNA-hyporaethylating agent and the wealth of correlative 

evidence which suggests that key DNA-demethylations are involved in 

the expression of specific genes suggests that 5-azaC is activating 

TAT expression through this mechanism. That cytidine or analogs other 

than the 5-aza compound were ineffective supports this tentative 

conclusion. By inference, then, it seems quite likely that DNA 

methylation is a highly significant component of developmentally 

regulated expression of this gene. 

I have found that response to the drug was extremely sensitive to 

the developmental age of the fetus; i.e., the response was greatest 

and most consistent when the fetuses were treated late during day 20 

of gestation. The induction of fetal enzyme synthesis by 5-azaC prior 

to day 20 of gestation is not uniform to all litermates, nor is the 

level of response as high, analysis of the appearance of TAT 
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gene products during normal development shows that transcripts begin 

to accumulate during day 21 of gestation (Figure 5, page 25), a result 

interpreted as indicating that the increased rate of TAT gene 

transcription, typical of the fully differentiated hepatocyte, begins 

just before this time. It is noteworthy, then, that development of 

what appears to be a state of "competence" enabling response to 5-azaC 

treatment coincides closely with the time at which transcription is 

normally accelerated. One could speculate that this correlation 

indicates that the normal developmental activation reflects 

demethylation, a process greatly enhanced by experimental provision of 

the demethylating agent. Alternatively, it may be that demethylation 

is necessary, but not sufficient for full activation, another change 

being required (and occurring during the 20 to 21 day interval) before 

demethylation can bring the gene to the fully activated state. The 

latter interpretation would be in accord with results of recent 

studies of developmental activation of vitellogenin synthesis in avian 

liver (15). Clearly an in-depth analysis of TAT gene structure and 

modifications during development will be required to distinguish 

between these (or perhaps, other) alternatives. 

The question of the potential role of hormonal regulators of TAT 

synthesis in the activation artificially induced by 5-azaC treatment, 

and by inference in normal development, is a complicated one. In the 

fully differentiated adult liver all three types of regulators 

(glucocorticoids, insulin, and cAMP) modulate expression of a fully 

active gene (39-42), but this does not exclude the possibility that 
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one or more of these is required for developmental activation of gene 

expression. Plasma levels of glucocorticoids (38), and insulin (35), 

are high in late-term fetuses; either could be required for activation 

of the gene, or could modulate its expression once it is presumably 

activated by demethylation. Attempts to define a role of gluco 

corticoids by administration of exogenous hydrocortisone to the dam 

prior to analysis of 5-azaC treated fetuses were not Informative, 

since the drug alone increased aminotransferase activity to an induced 

level that was not further enhanced by steroid treatment. 

The activation of TAT expression following 5-azaC treatment is 

noteworthy in another regard, this being that the induced RNA 

sequences become fully functional utero, a change of unknown nature 

that does not occur until after birth in normal development. One 

could imagine many scenarios to account for this effect, such as 

induced expression of a translational activator that is not normally 

expressed ̂ utero, repression of an inhibitor that is normally 

repressed following birth, or activation of mPdJATAT owing to 

incorporation of 5-azaC in place of cytidine and a consequent con-

formational change. That this drug can affect the conversion of 

inactive to active laRNA would appear to provide a valuable clue as to 

the mechanism involved, but one whose significance is not yet 

understood. 

The effect of 5-azaC on the development of pluripotent to 

terminally differentiated cell lines has been documented in the 

literature (22,23). I have presented evidence here which suggests 
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that 5-azaC may exert the same effect on hepatic differentiation^ 

vivo. This could argue for a DNA-demethylating "developmental 

trigger" in perinatal rat liver. 

Morphological changes in the fetal liver are apparent, and are 

visualized by light and electron microscopy. The appearance of the 

tissue suggests a more mature, differentiated hepatocyte population. 

The glycogen stores deposited in fetal hepatocytes during the 

last days of gestation are prominent in electron photomicrographs. By 

this same analysis, hepatocytes following 5-azaC treatment show a 

diminution of stored glycogen and an increase in intracellular lipid. 

The biochemical rationale for this metabolic shift is not known. 

Several hypotheses can be put forth. The depletion of glycogen could 

be in response to increased energy demands that post-partum are met by 

the release of stored glucose into the circulatory system. However, 

utero^, the glucose carbons may instead become precursor to lipo-

genesis. The increase in stored lipid could also reflect decreased 

lipid transport out of the liver, known to be an element of the "fatty 

liver" response to toxic agents. 

Translation of poly(A) RNA and electrophoretic analysis of those 

products suggested that globin synthesis may be slightly reduced while 

the synthesis of some non-globin proteins may be increased following 

5-azaC treatment. However, interpretation of these protein profiles 

is complicated by the reduced translational capacity of the poly(A) 

mRNA population isolated following 14 or 18 hours treatment with 

5-azaC. Densitometric analyses of soluble protein samples also 

suggest that there is more non-globin protein in the horaogenates 
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derived from 5-azaC treated fetuses. However, superimposed on this 

general increase in the non-globin protein component, several proteins 

are increased dramatically, including those migrating at approximately 

17,250, 21,750, and 30,300 daltons (Figure 15). 

Interpretation of the activity measurements of other develop-

mentally regulated liver enzymes is equivocal at best. The assay of 

enzyme activity as evidence of specific gene activation is limited by 

the activity of its cognate mRNA, which could well be rendered 

inactive or partially active by incorporation of 5-azaC. Levitan and 

Webb have presented data on effects of this drug in adult liver that 

could be interpreted as a selective inhibition of mRNA activity owing 

to 5-azaC incorporation (73). Also, the response of a given gene is 

likely to be dependent on the sequence of other developmental events 

and/or competencies. 

In conclusion, treatment of rat fetuses two days prior to normal 

delivery elicited a dramatic change in fetal liver morphology and 

metabolism. Hepatic maturation and differentiation appear to have 

been accelerated. The response of the developraentally regulated 

enzyme, TAT, was best described; the appearance and activity of the 

gene products were found to closely mimic the pattern of normal 

development seen in neonates. 
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CHAPTER IV 

SUMMARY 

Earlier studies of the developmental activation of TAT expression 

had led to the concept that expression is essentially repressed 

throughout gestation, release from the intrauterine environment some 

how triggering production of gene products. The present data do not 

contradict this, but establish that the activation process is more 

complex and more interesting than had been previously anticipated. 

Accelerated transcription of the gene begins the day prior to birth 

and has reached adult or greater than adult levels of activity in the 

newborn. This is indicated by the accumulation of both cytoplasmic 

and nuclear transcripts. Superimposed on this transcriptional control 

is a post-transcriptional mechanism acting to limit the activity of 

those transcripts until several hours after birth. Newly synthesized 

fetal or newborn transcripts do not function either in the hepatocyte 

or in the heterologous translation system. 

In utero enzyme synthesis is refractory to activation by the 

hormones which modulate TAT expression in the adult (39-42, 44-46). 

Further, the postnatal surge In functional gene products (from fetal 

to adult levels) occurs independently of steroid induction (44, 47). 

Thus, it was inferred that these modulators play an insignificant role 

in the course of developmental activation. This view will have to be 

revised in light of very recent results in our laboratory (A.C. 

Johnson, research in progress). These data clearly establish that TAT 

expression^utero is not entirely refractory to induction by 
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steroids. Hybridlzable transcripts increase markedly after direct 

treatment of fetuses with hydrocortisone. But as in the untreated 

newborn, the induced transcripts remain non-functional; there is no 

change detectable in mRNAlAT or enzyme activities. These results 

support the concept that a post-transcriptional block, preventing 

translation of aminotransferase mRNA, is operating throughout fetal 

life. 

Elucidation of the molecular details involved in both transcrip-

tional and post-transcriptional controls which operate in TAT gene 

activation can be expected to be greatly facilitated by the finding 

that expression can be fully activated,^utero, following 

administration of 5-azaC. Perhaps even more remarkable are the 

indications that hepatocyte maturation, and not just the expression of 

this single gene, is markedly accelerated by this inhibitor of DNA 

methylation. Changes in the liver content of MA and of proteins, of 

at least one specific enzj'me other than TAT, and of glycogen and of 

lipids are all suggestive of a significant role of gene methylation in 

many aspects of hepatic differentiation. Further work is required to 

delineate fully the biochemical changes responsible for the change in 

hepatocyte morphology evident here; to distinguish between those 

changes induced by 5-azaC acting as an inhibitor of DNA methylation 

and its other potential biological effects. 

The primary effect of this drug on TAT expression is in accord 

with its role as a DNA demethylating agent: transcription of this 

gene is apparently accelerated after treatment with 5—azaC. Hybri 

dlzable cytoplasmic sequences are increased after six hours of 
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treatment and at all time points assayed thereafter are well above 

adult levels. This result strongly suggests that DNA methylation 

plays a.dominant role In limiting TAT transcription prior to birth. 

To pursue this further requires the Isolation and characterization of 

the TAT gene In search of those key regulatory sequences that may be 

affected by 5-azaC treatment. Isolation of this gene from a clone 

library of rat genomlc DNA Is currently In progress In our laboratory. 

The sequence of appearance of the TAT gene products following 

5-azaC treatment Is remarkably similar to the pattern seen In normal 

development, especially In the lag between the accumulation of 

hybrldlzable cytoplasmic sequences and their acquisition of functional 

capacity. Noteworthy then Is the observation that the sequences do 

become functional^utero. This Indicates that treatment vd-th S-azaC 

not only accelerates TAT transcription, but also overcomes the post-

transcrlptlonal block which limits full expression of the gene at this 

time of development. The mechanism of this Is not now understood, but 

It Is likely that this finding will be useful In defining the changes 

Involved In the transition from Inactive to active toRNATAT. 

The picture of TAT development activation arising from these 

studies is one of a highly ordered, temporally programmed series of 

molecular events acting sequentially and culminating In the postnatal 

production of the final gene product, the enzyme. Accelerated 

transcription begins the day prior to birth, perhaps following 

deraethylatlon of one or more regulatory sites In the DNA. The Incon 

sistency of TAT expression In response to 5-azaC treatment prior to 

day 20 Implies that an earlier change of some sort Is required; If so, 
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this event is somewhat analogous to the "commitment" phenomenon which 

precedes the expression of a differentiated phenotype. (For a 

discussion of these concepts, see the reviews by Dawid and Wahli [74], 

and by Paigen [75].) Following TAT transcriptional activation, there 

is a period wherein post-transcriptional control operates to limit 

full expression; after birth (or following treatment V7ith 5-azaC) this 

control is lifted and enzyme synthesis begins. 
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