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ABSTRACT

The expression of the albumin and alphafetoprotein (AFP) genes

of the mouse has been studied with particular emphasis on nuclear

events following transcription. Using RNA blot and hybridization

techniques, high molecular weight nuclear RNA has been examined from

three different tissue sources. Nuclear RNA from adult liver was

shown to contain multiple albumin specific species that were large

molecular weight, polyadenylated and demonstrated a reproducible

set of band intensities. When newborn mouse liver and hepatoma

tissues, which also synthesize AFP, were analyzed qualitatively

similar AFP precursor bands were detected including one that pos

sibly represents the AFP primary transcript. The albumin RNA pre

cursors, when analyzed in tissues that also synthesize AFP, reveal

an alteration of the characteristic adult bands that may be related

to the expression of a fetal-like phenotype.

Structural analysis of the albumin gene revealed that intron

12 contains a sequence that is highly repeated in the mouse genome

and most likely has appeared in this location as a result of an

evolutionarily recent transposition event. The intron 12 region

and three others that were shown to contain unique sequence regions

were subcloned into the plasmid vector pBR322 for use in further

studies.

Hybridization of intron regions to nuclear RNA blots suggested

that processing of the albumin RNA precursors occurs via a preferred
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pathway in agreement with other high abundance mRNA genes. Some of

the albumin nuclear RNA precursors were shown to be associated

with the nuclear protein matrix, a result which supports a function

for this structure as the site for RNA processing. These data are

discussed in light of possible regulatory events affecting these

genes during RNA processing in the nucleus.
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CHAPTER I

INTRODUCTION

Since the recognition in the early nineteenth century of the

cellular basis of life, studies of the lives and natural histories

of cells have continued unabated. Although the cell nucleus was

early recognized as the largest of the cellular organelles, charac

terization of the nuclear material lagged behind studies of the

structure and function of cytoplasmic components. For example, the

fine structure of genes whose nuclear residence and protein products

have been recognized for many years are discoveries that have only

been made in the past ten years. Modern biochemistry now has re

solved various levels of nuclear function, some examples of which

are replication of the DNA, assembly of DNA into chromatin in par

ticular transcriptional states, transcription itself, and modifica

tion and processing of heterogeneous nuclear RNA (hnRNA). However,

most of these processes are still only poorly understood. These

events might be considered as discrete nuclear processes that come

into focus as researchers adjust their scrutiny up and down through

these functional levels. Thus, just as the cytoplasmic events in

volved in protein synthesis and secretion had been in sharpest

focus, now features of the nuclear mechanism for transport of

genetic information from the DNA to the cytoplasm are taking their

place at the forefront of research in molecular biology.
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Early work had established that the genetic information, -

encoded by DNA, was transcribed into an RNA molecule which was sub

sequently transported to the cytoplasm. Once there, it could be

assembled into a complex with ribosomes and other factors for trans

lation into protein. Measurements of the amount of DNA per nucleus

show that it is in great excess of the amount required to code for

cellular protein (181). Similarly, the nuclear endowment of RNA,

in terms of sequence complexity and size, was shown experimentally

to vastly surpass that found in the cytoplasm (47,49). A partial

answer to these paradoxes was provided when in 1977 the following

observations were reported. First, sections of an adenovirus late

messenger RNA (mRNA) sequence was shown by R-loop studies to orig

inate from different regions of the genome (21). Also the gene that

codes for chicken ovalbumin was shown to be interrupted by non-

coding DNA sequences (29). These observations of split genes were

soon confirmed for many other genes (27,28,83). This arrangement

of expressed (exon) and intervening (intron) sequences proved to be

characteristic of many transfer RNA (tRNA) genes (121), ribosomal

RNA (rRNA) genes (57) and most higher eukaryotic genes that code

for protein (184). Transcription of these genes produces a primary

precursor RNA that contains all the expressed and intervening

sequences and these RNAs have been shown to be processed by splicing

out the intervening sequences to produce a smaller mature mRNA (28).

Genes which do not seem to employ this split organization are those

coding for hi stones (28) and interferons (152). Lower eukaryotes.
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for instance yeast, also vary from this organization in having split

genes for their ribosomal proteins but very few others (141).

Speculation about the origins of this mosaic gene organiza

tion originally revolved around a long standing question of whether

eukaryotes or prokaryotes were more highly evolved (145). As new

observations were made, the weight of the argument has swung recently

toward the view that eukaryotic genomes represent a more primitive

type of organization and that prokaryotes probably have eliminated

intervening regions as they have become more specialized (51,60).

Strong support for this concept came as exon regions were shown to

represent functional units for several proteins (7,26,44) and were

proposed to be evolutionarily assembled by rearrangements of func

tional exon groups into a selectable conformation (60,99). While

this concept is intellectually attractive, the fifty small exons

of the a-collagen gene whose separate individual functions are dif

ficult to imagine, must also be accounted for (122). The molecular

mechanisms required to achieve the evolutionary changes of casting

off or acquiring intron DNA are still unknown and discussion of the

possible origins and functions continue.

For some time prior to the discovery of split genes, a pre

cursor role has been suggested for large molecular weight nuclear

RNA (48) and several later reports confirmed this notion experi

mentally using pulse labelling of nuclear RNA and hybridization

with complementary DNA (cDNA) probes (9,45,69,156). Since it had

been shown that the nuclear precursor molecules were much larger
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than the mature messenger RNA (mRNA) found in the cytoplasm and the

intervening sequences are not present in the mRNA, it became obvious

that this nuclear transcript is processsed by excising the introns

and splicing the exons together. Using RNA blot techniques, inter

mediates of this splicing process have been detected for several

systems (105,119,138,153,158).

How the splicing machinery recognizes the sequences that are

to be excised is still a question under investigation. One effort

to address this problem was reported by Chu and Sharp (38), who

created a gene with a chimeric intron from SV40 and mouse g-globin

sequences and found that the transcripts from this gene were cor

rectly spliced in monkey cells. The conclusion from this type of

study, at least for higher eukaryotic mRNAs, is that the internal

sequences of introns are not important for correct splicing. In

contrast, the sequences immediately surrounding the intron/exon

junctions do seem to be important as interpreted from their almost

total conservation in junctions examined so far. The 5'-dinucleo-

tide of introns is GT while the 3'-dinucleotide is AG and a fairly

well conserved consensus sequence of about eight nucleotides sur

rounds these sequences (28,169). In addition, studies that analyzed

a class of B-thalassemias with splice junction lesions showed that

cryptic splice sequences that resembled the normal sequence

could be used by the splicing machinery (193). A second finding of

these studies was that normally inactive sequences that were mutated

to resemble legitimate junctions could also be spliced (61). It has
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been shown by several groups that there are small RNAs in the nucleus

(192) and that these small nuclear RNAs (snRNA), usually found in

small nuclear ribonucleoprotein (snRNP) particles, share significant

homology with the sequences surrounding exon/intron junctions. As a

result of these studies, it has been proposed that this RNA functions

as a guide to correctly align the exon/intron junction and form a

double stranded complex that can then be accurately spliced (97,124,

152). Supporting data for this model come from experiments showing

that antibodies that precipitate snRNPs can inhibit splicing of

adenovirus transcripts in vitro (195). Other general models invoking

a function for the poly[A] tail (22) or a 5' to 3' scanning function

for the splicing enzymes (92) have been contradicted by more recent

studies. Darnell's group found that adenovirus transcripts are

processed even without poly[A] (199) and the recent finding of

cryptic splice sites in globin introns seems to rule out simple

scanning models (112) of splice site selection. Other exceptions

to the rules observed in higher eukaryotes have been found in

simpler organisms. In yeast mitochondria, it has been shown that a

partially intron coded maturase is needed to order to properly splice

precursors for the cytochrome b mRNA (50). The requirement for an

internal sequence of yeast nuclear introns to interact with an snRNA,

in order for processing of the precursor RNA for ribosomal proteins,

has already been recently described (93,141). Lack of this seven

nucleotide (nt) internal sequence is proposed to explain the observa

tion that yeast cannot splice precursors from higher eukaryotes (94).
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In Tetrah.ymena an intron in rRNA seems able to autocatalyze its own

removal without involvement of protein (198). The obvious disparity

in mechanisms used to process RNA by different organisms and for

different classes of RNA in the same organism has led to the proposal

that there are three classes of splicing reactions that use different

mechanisms and for which different factors are important (35). For

transcripts of nuclear genes that code for protein, important fac

tors in the recognition of splice junctions seem to be sequences

surrounding the junctions, and the interactions of snRNPs with

hnRNPs. Mechanistic studies of RNA processing in higher eukaryotes

are now being performed using in vitro or cell-free processing

systems capable of systematically analyzing the multiple factors

involved in this process (65,126).

As might be expected, the mechanisms that remove introns from

RNA precursors serve more than simply a processing role in some

cases. RNA precursors for immunoglobulin heavy chains use alternate

splice sites that regulate expression by determining whether a

membrane bound or secreted form of the protein will be translated

(5,54). In the rat, it has been found that in the thyroid gland

characteristic processing of a precursor RNA produces calcitonin

mRNA, but an alternate processing pathway used by the pituitary on

the same primary RNA yields a neuropeptide (called calcitonin gene-

related peptide) mRNA (6). Few other instances of regulation by

processing have been observed to date, but it has been predicted

that more will be discovered as genes that produce low abundance

mRNAs are examined (72).
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One other partial explanation for the occurrence of more than

the required amounts of DNA in eukaryotic cells is the presence of

families of repeated sequences. These sequences make up a signif

icant portion of mammalian DNA, e.g., 20-30% in humans (164), and

many of these repeats are found distributed throughout the genome,

interspersed with single copy sequences (49). Various classes of

interspersed repeated sequences may be repeated from a few to many

thousands of copies per haploid genome. The length of these repeats

is characteristically less than 500 base pairs (bp) and therefore

they have been labelled short interspersed repeats (SINES) (172).

Their distribution has not as yet revealed any discernible pattern

and, therefore, functional assignments have remained theoretical

(172). Sequence analysis of several of these families has revealed

structural features that are found in many procaryotic transposable

elements. The best studied mamalian example is the Alu family of

repeated sequences which are 130 bp long in mouse and 300 bp long

in humans (164). These sequences possess short flanking direct

repeats and poly[dA] sequences and similarities between these

structures and procaryotic transposable elements (89) have led to

the proposal that these also represent mobile genetic elements

(115). General models have been proposed for eukaryotic repeats

but those systems with enough data on which to base these theories

are very few, and may represent special classes of regulatory ele

ments. For maize (104), Drosophila (23,157), and sea urchin (49)

systems, good data supporting phenotypic effects caused by
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transposable repeated regions exist, but the underlying molecular

rationale, if any (52,125), remains obscure.

For nuclear processes, another level of focus which has de

veloped gradually in recent years, is the description and function

of the structural framework of the nucleus. This foundation of

nuclear structure, known as the protein nuclear matrix, is composed

of a limited set of proteins and is resistant to nuclease digestions

and extraction with detergents and high concentrations of salts (17,

20,34). Digestion with nucleases does not destroy the structural

integrity of this nuclear framework suggesting that nucleic acids

are not a structural component. These treatments leave residual,

spherical structures which are visualized with the electron micro

scope as a fibrous anastomosing network that connects with the

surrounding lamina and runs throughout the nuclear interior (19,20).

Analogous framework structures also occur associated with metaphase

chromosomes and have been called chromosome scaffolds (4,132). This

type of structure has now been found in many tissues from many

organisms (73,75,102,106). It has been proposed that nuclear DNA

may be associated with the matrix in two important capacities.

First, a role has been proposed in the binding of DNA at the bases

of long, supercoiled loops (15,42,187) having an average length

which corresponds quite well to that of replicons for their respec

tive tissues (197). In addition, it has now been reported that

newly replicated DNA is associated with the matrix (18,130,187).

These studies have led to the proposal that replication of the DNA



occurs at the bases of the observed loops and that the loops are

reeled through the matrix-fixed replication complexes as they are

copied (16,107,130,187). The second major function described for

nuclear matrix is one of an association with the DNA of actively

transcribing genes. As increasing amounts of the DNA of nuclear

matrices is digested away by DNase treatment, that which remains

attached to the matrix becomes more enriched for gene sequences

that were active in the tissue of origin (43,114,129,149,150). In

addition, selected repetitive sequences are also enriched (174) in

these preparations. Some studies present data conflicting with

those that show the enrichment of specific DNA sequences (26,11),

but these results can be accounted for by differences in preparation

(84,174) of the matrix. Newly synthesized nuclear RNA has also

been found to be associated with nuclear matrix (75). This observa

tion, together with the often observed association of high molecular

weight RNA with this structure (53,73,74,80,109,186), has recently

culminated in the proposal that the processing of precursor RNAs

also occurs at sites on the matrix (39,103). A unifying concept can

be envisioned here if one considers that the multiple and compli

cated reactions that are known to occur in the nucleus, occur not

in a disorganized soup of nucleoplasm but instead, on an organized

structural framework. Thus, the matrix model of nuclear function

predicts the association of the appropriate gene sequences, whether

for replication or transcription, and in the case of transcription,

the passing on of the RNA products to the sites for processing.
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Products of processing may then be further passed on to the sites

for nuclear membrane transport (10). It is recognized that the

procedures involved in the preparation of nuclear matrix and the

analysis of matrix properties are ones that might easily lead to

erroneous conclusions. Because of this fact studies of functions

associated with nuclear matrix remain highly controversial. At the

present time techniques are not available to unequivocally deter

mine the facts of nuclear matrix function but in at least two re

cent reports it is felt that the carefully designed controls that

were presented strongly supported the authors' interpretations (39,

149).

The studies presented here have focused mainly on the nuclear

events involving precursor RNAs for albumin and alphafetoprotein

(AFP). These two proteins have long served as useful models for

the mechanisms of regulation of protein synthesis and secretion (31,

85,140,178,180) and the expression of oncofetal proteins during

carcinogenesis (2,13,168). More recently, structural information

for both the proteins themselves (30,139) and the genetic locus

from which they are expressed (62,63,88,95) has revealed interesting

evolutionary relationships. In rodents, albumin synthesis begins

in the fetal liver and increases to its adult level (10% of the

total protein synthesis) at the time of birth (140). In the adult,

this level of synthesis and secretion maintains albumin as the major

serum protein. AFP is expressed very early in the yolk sac of the

developing fetus (37) and later in the fetal liver until shortly
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after birth when its synthesis falls to undetectable levels (100,

167,183). Hepatocarcinogens (1), hepatotoxins (8,191), and liver

regeneration induced by surgical treatment (190) have been shown

to induce re-expression of the AFP gene.



CHAPTER II

ANALYSIS OF mRNA PROCESSING INTERMEDIATES FOR

ALBUMIN AND ALPHAFETOPROTEIN

I. INTRODUCTION

Most of the genes of mammalian viruses and the structural

proteins of higher eukaryotes have now been shown to contain inter

vening or intron regions of noncoding DNA (28). For various known

split genes that code for protein the numbers of introns range from

two (86) to fifty (122) and span a length of DNA sequence from three-

to tenfold greater than that found in the mature mRNA. Large hnRNA

had been known to contain the sequences found in the cytoplasmic

mRNA population (98) and the discovery of split genes confirmed, in

general, the proposal for the generation of smaller, mature mRNA by

an RNA processing mechanism (48). As a first step in the understand

ing of this process, a number of studies have been performed aimed

at characterization of the modification of specific nuclear RNAs.

These modifications include the addition of a 5' end cap structure

(170,201), methylation of a few selected bases (146), and addition

of 3'-end poly[A] tract (3). This poly[A] sequence has been shown

to be added very early after transcription (117,163), and its addi

tion seems to be related to a polyadenylation signal sequence 5'-

AATAAA-3' found in the 3' region of split genes (143). This sequence

is reported to specify the endonucleolytic cutting of the primary

12
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transcript (110) approximately 20 nt downstream (towards the 3' end),

at which site the poly[A] tail is added (143). Some non-polyadenylated

RNAs have never possessed a poly[A] tail but some RNAs probably have

gradually lost poly[A] sequences as they age (108,162). Early poly-

adenylation suggests a role in subsequent processing reactions (23)

but, at least for adenovirus, mRNA precursors have been shown to

process efficiently without poly[A] (199).

The remaining major modification of primary transcripts, i.e.,

the removal of intervening sequences, has also been examined in a

number of systems. In a mammalian DNA tumor virus (adenovirus),

primary precursors for late stages of transcription are processed

through a series of alternate pathways that yield a large repertoire

of individual mRNAs from a single RNA precursor (200). For these

virus systems, selection of the correct polyadenylation and splice

sites, to ensure the proper production of translatable mRNAs, repre

sents a complex regulatory mechanism. SV40, a DNA virus, has also

been exploited in proving that splicing not only occurs but may be

required. When intron-free SV40 mutants, which were constructed to

contain all of the information required for protein expression

were transfected into monkey cells, no stable RNA was detected (48)

even though transcription occurred (66).

For a number of mammalian protein-coding genes, RNA inter

mediates of processing have been detected using techniques of

hybridizing cDNA probes to nuclear RNAs blotted onto filter paper

(105,119,138,153,163). These studies which characterize the
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different sizes and patterns of RNA precursors of individual genes

have confirmed several expected features of precursor RNAs. First,

most intermediates are polyadenylated and exist in discrete repro

ducible size patterns that, in many of these systems, include a size

expected for the primary RNA transcript. Changes in the observed

amounts of individual precursors for ovomucoid mRNA were consistent

with transcriptional regulation of this RNA during induction by di-

ethylstilbestrol (119). Also, in the immunoglobulin system where

DNA recombination events are required to produce the correct arrange

ment for light chain genes, sizes of the RNA precursor intermediates

are indicative of the chosen J region DNA (138). From these studies

it has become clear that the number of intermediates seen in the

nucleus is not the same as the number of introns and, that in some

cases, the removal of individual introns may occur in multiple steps

(87). In some cases RNA processing can function in the regulation

of gene expression by differentially splicing precursor RNAs to

yield more than one type of functional mRNA (5,54). Further details

on the order of processing and possible sites of these reactions are

discussed in Chapter IV.

Albumin and AFP are serum proteins that are proposed to have

evolved from a gene duplication about 300-500 million years ago

(79). These genes, closely linked on chromosome five in the mouse,

are each composed of fifteen analogous exon regions and fourteen

intervening sequences and are separated by a 13.5 kb intergenic

region (79) (Figure II-l). In the mouse, the AFP pattern of
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expression varies from expression in early fetus by the yolk sac (37)

and later the liver, to a peak at around birth, then falling to

barely detectable levels within several weeks after birth (183).

AFP expression can recur after various forms of liver damage (14,100,

167,183) and in association with oncogenic events in the liver (177).

cDNA clones representing most of the mRNA sequences for these

two proteins have been employed in studies designed to test the

presence of RNA processing intermediates in the nuclei of both fetal

and adult liver and in a transplantable minimal deviation hepatoma.

In light of the multiple exon structures of these genes, a complex

pattern of RNA processing intermediates would be expected. Transfer

of nuclear RNA that had been resolved in denaturing agarose gels and
Op

hybridization with P-labelled cDNA probes has resulted in detec

tion of processing intermediates for both albumin and AFP. We have

been able to demonstrate the specificity of these respective probes

while also noting similar yet unique bands of large RNA inter-

medi ates.

II. EXPERIMENTAL PROCEDURES

Purification of Nuclear RNA

Sterile RNase-free water was prepared by autoclaving a 0.025%

solution of diethylpyrocarbonate (DEPC, Sigma Chemical Company) and

then boiling the solution down to about 80% of the starting volume

to eliminate residual DEPC. All solutions for use in RNA studies

were made with this water and then autoclaved if possible. All
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glassware and plasticware were rinsed in a 0.1% DEPC solution and

then baked at 170°C or 50°C respectively. Solid CsCl was stored in

the 170°C oven until used.

Nuclei were isolated from Balb/c mouse livers by preparing a

10% homogenate (w/v) in a solution containing 100 mM NaCl, 50 mM KCl,

20 mM Tris-HCl, 10 mM ethylenediamine tetraacetic acid (EOTA), 0.5

mM phenylmethylsulfonyl fluoride, 0.25 M sucrose and 1.0% nonidet-

P40 (NP-40), pH 7.4, but without methylmethane thiosulfonate (149).

Nuclei were isolated by pelleting through a cushion of 0.5 M sucrose

in the same buffer without NP-40 (149). Pelleted nuclei were immedi

ately lysed using freshly prepared lysing buffer containing 0.35 M

NaCl, 1 mM EDTA, 10 mM Tris-HCl, 7 M urea, and 2% sodium dodecyl-

sulfate (SOS), pH 8.0 (155). Samples were dispersed with 8-10 strokes

in a Bounce homogenizer. Alternatively, nuclei were prepared using

the citric acid procedure of Busch and Daskal (33), using 5% citric

acid in the first homogenate. The second nuclear pellet was lysed

as above except that only two or three strokes of the Bounce homogen

izer were used. The nuclear lysate samples were extracted with

phenol, chloroform and isoamyl alcohol (128) and the final aqueous

phase recovered. To each milliliter of aqueous phase, C.6 g of solid

CsCl was added and then 3.5 ml of this solution was layered over a

2 ml cushion of 5.6 M CsCl in 0.1 M EBTA. RNA was pelleted by centri-

fugation at 100,000 g for 16 hours at 20°C in an SW50.1 rotor.

Pellets were resuspended in 10 mM Tris-HCl, pH 7.4, 1 mM EBTA (TE),

and quantitated at 260 nm using a Beckman UV5260 Spectrophotometer.
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Samples were made 0.2 M in sodium acetate and precipitated with two

volumes of absolute ethanol at -90°C for sixty minutes or -20°C over

night.

01i go[dT]-Cel1ulose Chromatography

RNA samples were selected for poly[A]-containing and poly[A]-

lacking sequences (177). The poly[A+] RNA samples were prepared by

passage, two times, through an oligo[dT]-cellulose column. The

poly[A-] samples were passed over the column three times in order

to remove all poly[A+] RNA.

Gel Analysis of RNA

RNA samples were denatured in a solution containing 50% de-

ionized formamide, 2 M formaldehyde, 20 mM morpholinopropane sul-

fonic acid (MOPS), pH 7.4, and 1 mM EDTA for five minutes at 65°C.

Gels were 1.0-1.4% agarose in 1 M formaldehyde, 20 mM MOPS, pH 7.4,

1 mM EDTA, 0.5 g/ml ethidium bromide. The running buffer was the

same as that for the gel but without formaldehyde. Gels were run

At 50 volts overnight or 90 volts for six to eight hours. When

mammalian and E. coli RNAs are run on the same gel, six ribosomal

RNA bands are detectable and provide useful size markers. We use

conversions of: 45S (13,700 nt), 32S (5800 nt), 28S (4700 nt),

18S (2000 nt) (137,163), 23S (2904 nt), and 16S (1541 nt) (70).

Gels were photographed and the RNA was transferred to nitrocellulose

filters (182).
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Hybridization of Filters

cDNA plasmids pMA615 (albumin) (Dugaiczyk, unpublished) and

pAF197 (AFP) (95) were provided by Dr. Achilles Dugaiczyk. Plasmids

were nick translated according to the method of Rigby (147), using an

enzyme reagent kit (Bethesda Research Laboratories). Nick transla-

32
tions using deoxycytidine 5'-[a- P]triphosphate (Amersham Corpora-

g

tion) routinely gave probes of specific activity greater than 5 x 10

cpm/yg. Unincorporated label was removed by passage through a column

of Sephadex GSO-fine. Probes were denatured immediately before use

in hybridization, for five minutes in 0.3 M NaOH at 65°C, and then

neutralized. Hybridization for thirty-six hours was a modification

of that used by Thomas (182) with the exception that dextran sulfate

was omitted and 0.1% SDS was added. Identical results were obtained

using 50% formamide buffers at 42°C or aqueous buffers at 65°C.

Filters were washed as in (182) except the last series of washes

were done three times, with constant agitation, for forty-five minutes

each at 52°C. Hybridized RNAs were detected by autoradiography at

-90°C for one to five days using Kodak XAR film and a Chronex

Lightning-Plus intensifying screen.

III. RESULTS

Analysis of Albumin RNA Intermediates of Processing

When citric acid is employed in the isolation of liver nuclei,

the yield of nuclear RNA is 60-70 yg per gram of tissue. Using an

NP-40 containing buffer, the yield averages about twice that obtained
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with the citric acid buffer. This difference may result from extrac

tion of some of the RNA by the citric acid or a contamination of the

NP-4G nuclear RNA by cytoplasmic components. Both procedures

enrich greatly for nuclear RNA since the recovery of total RNA is

about 5-5 mg per gram of adult liver. When nuclear RNA is analyzed

by hybridization of RNA blots with cDNA probes, results as shown in

Figure II-2 are observed. The rRNA markers seen in Figure II-2,

lanes A1 and B1, are characteristic of intact nuclear RNA. The auto-

radiograms show strongly hybridizing mature mRNA bands at about 2400

nt (range; 2113 to 2455) and multiple albumin specific bands that

are mostly larger than the mature mRNA. This mRNA size is slightly

larger than that reported using other techniques (32,161) and is con

sistent with the reported over-estimation of RNA sizes using RNA

blotting methods (185). The size data presented for specific bands

represent raw figures derived directly from standard curves obtained

by plotting the log of the length of rRNA markers against the dis

tance traveled in the gel. Because of factors such as broad RNA

bands, variability in transfer and broad autoradiographic bands, sig

nificant size variation is observed even for bands of known identity

(e.g., mature mRNAs). When the average size of a band is discussed

a range of the observed sizes is also given. The experiment shown in

Figure II-2A was done with RNA isolated from nuclei prepared in

citric acid containing buffer. The blank areas seen in the high

molecular weight range of this autoradiogram are artifacts of trans

fer. Figure II-2B shows a similar analysis of RNA from nuclei
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Figure II-2. RNA blot analysis of albumin nuclear RNA intermediates
of processing.

In both A and B, lane 1 shows the electrophoretically resolved
RNAs stained with ethidium bromide and photographed using an ultra
violet light source. Lane 2 shows the autoradiogram resulting from
transfer of the RNAs in lane 1 and hybridization with pMA615 albumin
cDNA probe. Sizes of significant RNA species are indicated in nucleo-
tides and the rRNA standards are indicated. Mature mRNA bands are
labelled 2455 and 2317 in A and B respectively. The experiment shown
in A was done with 15 yg of RNA purified from nuclei prepared in
citric acid. The experiment shown in B was done with 20 yg of RNA
purified from nuclei prepared using NP-40.
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prepared in NP-40 containing buffer but the resolution of individual

precursor species is better in Figure II-2A. This slight loss of

resolution is usually seen with the NP-40 technique and probably

reflects its relative inefficiency at inhibition of ribonuclease

activity (33). No one technique for preparing isolated nuclei was

found to consistently yield undegraded nuclear RNA. The predicted

17 kb primary transcript for albumin (88) is undetectable using

either technique. For albumin the largest detectable RNA precursor

band is in the range of about 13,000 nt.

In repeated analyses, two RNA precursor bands of relatively

strong intensity are detected but the sizes of these bands are vari

able. In the examples shown, the two intense precursor bands in the

NP-40 experiment (bands labelled 5370 and 4266 in Figure II-2B, page

21) are not the same as the two strong bands seen in the citric acid

autoradiogram (bands labelled 4571 and 3936 in Figure II-2A). Both

of the autoradiograms clearly show a strong band that runs slightly

smaller than the 28S rRNA precursor which is about 4700 nt in length.

This strong band, with an average length of about 4400 nt (range:

4070 to 4571), is consistently seen as one of the two most intense

precursor bands. The second band which gives a strong signal is

either the 3936 nt band (range: 3673 to 3936) seen in Figure II-2A

or the 5270 nt band (range: 5129 to 5821) seen in Figure II-2B.

The observed differential intensity of these bands is an

indication of the steady state levels of these RNA intermediates of

processing. The variable signals of the high intensity bands may
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therefore reflect a variability in the pathways of processing of

these RNA intermediates. In contrast, consistency does exist because

since in almost cases, two strongly intense bands are detected and in

no case have strongly hybridizing bands been seen that are larger

than the 32S ribosomal precursor.

In most of these experiments another set of two or more bands

has been clearly observed that are smaller than the mRNA for albumin.

The two most commonly observed small species have average sizes of

1800 nt (range: 1718 to 2065) and 1300 nt (range: 1122 to 1474) in

length. These hybridization experiments have been done under strin

gent conditions and hybridization of the cDNA probe to nuclear RNA

that does not contain albumin mRNA does not detect these species,

therefore, they are considered to be albumin specific bands although

neither a function for them nor a specific origin has been deter

mined at this time (see Chapter IV). In similar experiments per

formed using probes for ovalbumin (153), immunoglobin light chain

(136), and rat albumin (56), bands smaller than the mature message

are also seen. The small sized bands were not discussed for either

ovalbumin or immunoglobulin. In the rat albumin study, a small

albumin specific RNA band was found in the normal nucleus and cyto

plasm and it was suggested that it was not the result of RNA degrada

tion. However, no alternative explanation of its origin was proposed

(56).
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Analysis of Nuclear RNA Fractionated on 01 iqo[dT]-Cenu1ose

Addition of a tract of poly[A] to the 3' end of mRNA is a modi

fication known to occur very early after transcription (117). When

nuclear RNA is separated into poly[A]-containing and poly[A]-

lacking populations and analyzed as above, the results shown in

Figure II-3 are obtained. Most of the detectable precursor molecules

are in the poly[A]-containing sample. Although a small signal

appears at a size corresponding to mature mRNA (2264 nt) in the

poly[A]-depleted fraction, this is consistent with previously

observed overlap of these populations (108) and with the observa

tion that the 3' pQly[A] sequences are gradually lost from RNAs as

they age (162). The small 1800 nt albumin band is also detected in

both the poly[A-] and poly[A+] fractions. Although poly[A] tails can

be as long as 200 nucleotides and shorten with time, loss of poly[A]

from the 2264 nt albumin mRNA cannot account for the observation of

an 1800 nt band.

Comparison of RNA Processing for Albumin and AFP

It has been shown by many laboratories that AFP is evolution-

arily related to albumin but that its expression is differentially

regulated (168,183). Significant levels of AFP are produced only

by fetal tissue or by liver tissue that has been damaged or under

gone transformation. Because of the common ancestral origin and

identical intron/exon organization of albumin and AFP (Figure II-l,

page 15), attempts were made to detect and compare the RNA process

ing intermediates for AFP. The livers of newborn mice have been



+ -

Iff

32S>

23S>

18S>

16S>-

-4519

-3673

-2264

-2065

-1300

Figure II-3. Detection of albumin specific nuclear RNA molecules
with and without poly[A].

Sizes of rRNA standards are shown to the left of the figure,
while prominent RNA species are indicated in nucleotides on the right.
Eighteen yg of RNA was analyzed in each lane and mature albumin mRNA
is indicated at 2264 nucleotides.
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shown to produce both albumin and AFP at high levels and were there

fore expected to be a good source of RNA processing intermediates

for both types of RNA. A second source of tissue synthesizing both

of these proteins was the spontaneous minimal deviation hepatoma

isolated at Oak Ridge (unpublished) and maintained via intramuscular

transplantation in C3H mice. In order to ensure that the tumors

were producing AFP, mouse serum from tumor bearing animals was

tested using an agar double diffusion assay with antialphafetopro-

tein before isolating tumor nuclear RNA. Figure II-4 presents an

experiment that compres the nuclear RNA precursors of adult liver

and the two AFP producing tissues. The lanes shown in part A of

this figure have been hybridized with albumin cDNA while part B was

hybridized with AFP cDNA. The specificity of the AFP cDNA clone is

demonstrated by the fact that this probe does not detect any of the

adult RNA in lane 81. In lanes 82 and 83, analysis of RNA isolated

from newborn liver nuclei and an AFP producing tumor, reveals a

number of bands complementary to the AFP cDNA probe. The largest

hybridization signal in lane 82 is beyond the accurate range of

measurement using the rRNA standard curve but it is in the 18 kb

range expected for a primary transcript of the AFP gene (88). The

large overexposed band of about 2300 nt (range: 2113 to 2317)

mRNA for AFP is similar in size to that for albumin. Both lanes

of RNA precursors detected with the AFP probe (Figure 11-48, lanes

2 and 3) contain two relatively intense bands (labelled 4169 and

3467 in lane 2; and labelled 4365 and 3801 in lane 3). The
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observation of two strongly hybridizing bands of AFP RNA precursors

is similar to that of two strongly hybridizing bands in the albumin

RNA precursors shown in Figure II-4A, lane 1 (bands labelled 5129

and 4169). In both, the albumin precursors seen in adult nuclear

RNAs and the AFP RNA precursors, at least two strongly hybridizing

bands are always detected. Albumin synthesis also occurs in both

of the tissues that synthesize AFP. When nuclear RNAs from the AFP

producing tissues are analyzed for albumin precursors, instead of

detecting two bands at 5129 nt and 4169 nt as in the adult RNA

sample (Figure II-4A, lane 1), only a single strongly hybridizing

band is evident (labelled 4169 in lane A2 or 4074 in lane A3). Thus,

there exists an alteration in the bands of albumin nuclear RNA pre

cursors, which is characteristic of tissues that are also producing

AFP.

Any study that attempts to describe the sizes of specific

RNAs must consider the possibility of artifacts that have been in

troduced by ubiquitous RNase activity. The alteration in the

albumin RNA precursor bands detected in AFP producing tissues is

believed not to be a result of degradation: first, because the 455

RNA precursor bands are detectable with ethidium bromide staining

in all of these gels. Second, in the case of newborn RNAs (Figure

II-4B, lane 2), analysis of the AFP RNA intermediates consistently

shows a large molecular weight RNA species and two intense inter

mediates typical of results seen with intact RNA.
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IV. DISCUSSION

Because the first and last exons of AFP and albumin contain

the cap site and poly[A] addition signal respectively (55), it is

conceivable that sequences outside of these landmarks might not be

included in the products of transcription of these genes. In most

cases that have been studied, the cap site does indeed begin the

RNA sequence of genes transcribed by RNA polymerase II (77). The 5'

ends of the five early transcription units of adenovirus all begin

at their respective cap sites, with a variation of 2-6 bases, in

some cases (200). Transcription of the B-globin gene in Friend

erythroleukemia cells has also been shown to begin at or very close

to the cap site in at least 80% of the RNA molecules examined (76).

It seems likely from this type of evidence that transcription of

AFP and albumin would also begin at the first exon.

The 3'-end of eukaryotic messengers, however, is not as

easily defined. Even though a common polyadenylation signal has

been identified at the 3'-end of many genes (143), transcription in

some cases continues thousands of nucleotides beyond this point

(76). For the adenovirus late transcript no less than five poly[A]

signals are passed before the RNA polymerase reaches the end of the

genome (58,118). In the globin system, several reports have appeared

of globin-specific RNAs greater than 5000 nt in length in addition

to a polyadenylated 1800 nt precursor that contains all of the cod

ing and noncoding regions (12,154,176). Factors which might regulate
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the termination of transcription in eukaryotic genes are largely

unknown. For histone genes whose RNA transcripts are not poly-

adenylated, a conserved hairpin loop structure (173) and a ribo-

nuclear protein particle (59) seem to be involved in normal termin

ation. For eukaryotic genes that code for other proteins, it may

be the composition of the regional chromatin that regulates these

events (77).

For albumin and AFP synthesis of a primary RNA transcript of

at least 17 and 18 kb, and possibly longer, would be expected in

order to contain all of the exon and intron regions (88). In the

experiments described here for albumin nuclear RNA, precursors

larger than about 13,000 nucleotides have not been detected and

those larger than about 6,000 nucleotides are poorly resolved and

exist in low abundance (see Figure II-2, page 21). Early studies

of albumin RNA precursors, in which a less sensitive sucrose gradient

separation of nuclear RNAs was used, revealed only molecules of 28S

and smaller (177). These data imply that processing steps affect

ing the large albumin RNA precursors occur relatively rapidly when

compared to the more easily detectable smaller RNA intermediate

species. A report of detected albumin RNA precursors in analbum-

inemic rats is difficult to compare with the results shown here be

cause a splicing defect is described and the RNA precursors detect

able in normal liver are not presented (56). The detectable set of

albumin RNA precursors is shown in Figure II-3, page 25, to be poly-

adenylated as would be expected if a poly[A] tract is added early
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after transcription, before RNA processing has begun. The early

addition of poly[A] has been demonstrated for RNA precursors of

immunoglobulins (151), adenovirus (117), and growth hormone (69).

The universality and early addition of poly[A] to RNA precursors

transcribed from split genes would seem to argue for some important

function for this sequence even though RNA processing occurs with

out this sequence and therefore is not required for this process

(199).

For AFP, a low abundance species of RNA has been detected in

nuclear RNA from newborn mouse liver (see Figure II-4B, lane

2) that may be large enough to contain all of the regions of the

gene. As expected, no AFP sequences were detected in nuclear RNA

from adult liver which formally discounts the unlikely possibility

that re-expression of AFP during liver damage is effected through

processing of previously synthesized and stored mRNA precursors.

In other systems, such as ovalbumin (153), ovomucoid (119), immuno-

globulins (138), growth hormone (105), and prolactin (7887), poly-

adenylated RNA precursors large enough to be a primary transcript

have been detected. The largest of these precursors is 14,000 nt

for prolactin (78). The precursor molecules detected here are, to

our knowledge, the largest that have been reported using this tech

nique. Although formal proof of the precursor relationship of these

RNA intermediates has not been presented, the large body of avail

able data supporting precursor functions for these kinds of nuclear

RNAs make other interpretations highly unlikely (28).
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The species of RNA precursors seen in these experiments repre

sent those existing in a detectable steady state concentration. Two

of these RNA precursor bands are detectable at consistently greater

concentrations than the other precursor bands for both AFP and for

albumin in adult nuclear RNAs. These bands are interpreted to result

from rate limiting steps in the processing pathway. The detection of

this similar result might be expected for two such closely related

genes, however, the fact that the sizes of these bands show such

concordance may be fortuitous since the sizes and sequences of the

analogous introns have significantly diverged (88). Variations in

sizes of detected RNA intermediates for these genes is partially a

result of inherent irreproducibility of the RNA gel electrophoresis

and transfer technique but may also result from variability in the

sequence of intron removal. Many of the introns in the two genes

are very similar in size (88) and therefore different orders of re

moval of these regions from nuclear RNAs could cause subtle changes

in sizes of detected intermediates. Experiments designed to further

analyze the order of removal of specific introns from RNA precursors

are presented in Chapter IV.

It has long been recognized that tissues that have undergone

carcinogenic transformation often resemble the fetal phenotype in

their protein expression patterns (166) and many of these so-called

oncofetal antigens have been studied. AFP is a frequently cited

example of such a protein and its synthesis represents one example

of a fetal function seen in hepatomas (166). In Figure I1-4, page

27, the newborn mouse liver and hepatoma tissues that are shown to
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contain AFP RNA precursors also contain albumin RNA sequences. The

single intense band of albumin RNA precursor seen here however

(Figure II-4, lanes 2 and 3, page 27) has only been seen when ana

lyzing nuclear RNA from tissues that are also producing AFP. This

observation might be interpreted as a change in the rate limiting

steps in the processing of albumin nuclear RNA. When an albumin

RNA transcript is being synthesized in a tissue that also produces

AFP, its intron splicing signals have not changed. If the proposed

limited set of splicing enzymes has also not changed (36), then

perhaps different sets of hnRNP proteins are applied to nascent

albumin transcripts in these tissues. The actual significance of

this observed phenotypic variation is not immediately obvious.

Albumin specific RNA bands that are smaller than mature mRNA

sequences have been seen in these studies for both albumin and AFP

and, at least for albumin, they are present in both the poly[A+]

and poly[A-] fractions. The data presented in this chapter does not

allow an interpretation of the origins or function of these species.

Further discussion of them can be found in Chapter IV.



CHAPTER III

RESTRICTION ENZYME MAPPING AND SUBCLONING OF

ALBUMIN INTRON SPECIFIC REGIONS

I. INTRODUCTION

Knowledge of the structure of the albumin and AFP gene locus

in the mouse has been limited to the large scale maps published by

Tilghman's group (63,79,87). In addition, sequence data are avail

able for the AFP gene 5' and 3' regions (165), the exon/intron

boundaries (55), and mRNA (cDNA) (62). Structural information for

the human (53,71,111) and rat genes have also been published (82,

160,161). In order to conduct further analysis of regulatory events

involving these genes, a more detailed characterization was needed.

This is especially true for those studies where additional knowledge

of the intron/exon organization of these genes might reveal features

exploitable in the analysis of RNA processing steps. In addition,

it was anticipated that, as in other systems, structural features

might be revealed that are involved in the unique regulation of

this system. Among the known functional regions of the eukaryotic

gene are those such as the TATA sequence that specifies transcription

start sites (promoter region) and poly[A] addition sites (143). In

the promoter region, sequences that appear to be required for proper

regulation by steroid hormones have been found (113). Recent

studies indicate that these are similar to the enhancer sequences

34
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observed in viruses. For example in MMTV (mouse mammary tumor

virus), which is regulated by glucocorticoids, the glucocorticoid-

receptor protein complex has been shown to bind to these enhancer

sequences (131).

A number of families of repeated DNA sequences have also been

observed around eukaryotic genes as well as in intergenic regions.

In the globin system, several different types of repeated DNA

sequences have been located interspersed between related members of

this multigene family (67,171). Repeated sequences have also been

detected in the 5' flanking region and in one intron of the con-

albumin gene (41) and in rat growth hormone (127). Repeated DNA

regions have been detected in association with many other genes (49)

but a function for them remains speculative (125). In the AFP and

albumin genes, the locations of related repeated sequences have

been reported in the 5' region of AFP, in intron 3 of AFP, and in

tron 12 of albumin (88). The original publication placed the intron

12 repeat in intron 3 of albumin but a correction reversing the map

direction relocalized the repeat to intron 12 (79). In addition,

an Alu-like repeat has been sequenced from intron 1 of AFP (165).

This type of repeated sequence is very common in the mouse genome

(148) and is related to the highly reiterated Alu sequence in

humans (90,164). More surprising than its unexpected location, is

the transcription of this sequence into a 340 nt RNA from the oppo

site DNA strand (196). As with other Alu-like repeats, poly(dA)

tracts, Polymerase III start signals, and direct repeat flanking
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regions are seen (196). Characterization of the albumin gene was

begun by restriction enzyme mapping studies of subcloned albumin Eco

RI gene fragments (see Figure II-l, page 15). These experiments were

designed to confirm and extend the available published data. cDNA

hybridization experiments were then performed to identify which of

the known restriction fragments were uniquely of intron origin. Four

fragments that were shown to be free of exon regions were further

subcloned into the plasmid vector pBR322 and amplified for use as

probes. Analyzing for the uniqueness of these sequences revealed

that one of the four probes contained a repeated sequence. Results

of mapping and characterization of these albumin gene regions are

presented in this chapter.

II. EXPERIMENTAL PROCEDURES

Mapping Albumin Genomic Clones

Charon 4A (25) lambda clones of albumin genomic DNA sequences

were provided by Dr. James Bonner. These clones were created from

sheared mouse plasmacytoma genomic DNA and by ligation with linkers

prior to their insertion into Charon 4A. The two clones aMSAI and

AMSA3 were mapped and found to contain a number of EcoRI fragments,

four of which together spanned the entire albumin gene (unpublished).

These four fragments were subcloned into the EcoRI site of pBR325

and are named for the lambda clones from which they are derived. The

5' to 3' order in which these Eco RI subclones span the albumin gene

is 3-1, 3-2, 1-3, and 1-5 (see Figure II-l, page 15).
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Digestion with restriction enzymes was according to the manu

facturer's (Bethesda Research Laboratories) specifications. DNA

gels were composed of 1.2% agarose in a buffer containing 40 mM Tris-

HCl, pH 7.7, 5 mM sodium acetate, and 1 mM EDTA. Size standards

were generated from lambda phage digested with Hind III (159) and

from pBR322 (179) digested with either Alu I, Ava II, or Eco RI and

Pst I. Fragments separated by gel electrophoresis were transferred

as described by Southern (175) and Wahl et al. (188). Hybridizations

to nitrocellulose filters were as described by Wahl et al. (123) but

without glycine and dextran sulfate. Washing of hybridized filters

was as described for RNA filters in Chapter II. The transfer and

hybridization experiments shown in the figure on page 49 were per

formed using Gene Screen membrane (New England Nuclear) and by fol

lowing the procedures described in the protcol provided by the manu

facturer.

Subcloninq of Intron Sequences

Fragments of DNA were isolated from agarose gels by electro-

phoretically transferring the band of interest onto a piece of di-

ethylaminoethyl (DEAE) paper. DNA was eluted from this paper by

two 50-minute incubations at 50°C in a buffer of 1 M NaCl, 10 mM

Tris-HCl, pH 7.4, and 1 mM EDTA. The elution solution was separated

from the paper by centrifugation through a small hole punched in the

bottom of the incubation tube (194).

In all cases of intron subcloning, the fragment of interest

was enriched by electrophoresis and isolated from the gels as
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described above. This procedure served to simplify the selection of

resulting recombinants needed for these studies. The intron 6 in

sert is an 825 bp fragment that results from digestion of the 3-2

albumin subclone with Hind III (see figure on page 45). This frag

ment was ligated to pBR322 that had been linearized at the Hind III

site. Ligation reactions were done at 15°C for 16-24 hours in 67 mM

Tris-HCl, pH 7.4, 67 mM MgCl, 10 mM dithiothreitol, 0.4 mM ATP, and

25 units per milliliter of T4 DNA ligase (Amersham Corporation).

The intron 7 insert was prepared by digestion of the 3-2 sub-

clone with Kpn I and Sst I and the resulting 2900 bp fragment was

isolated from an agarose gel as described above (see page 45).

This fragment was subsequently digested with Msp I and the 450 bp

fragment produced was also isolated by agarose gel electrophoresis.

This 450 bp fragment was ligated into pBR322 that had been opened

with Cla I. Cla I and Msp I ends will ligate but will not recut,

therefore recombinant inserts were screened by digestion with both

EcoRI and BamHI. This digestion releases a 373 bp fragment if there

is no insert, and an 823 bp fragment if there is an insert.

The intron 10 insert is the 288 bp fragment that results from

digestion of the 3-2 subclone with Hind III and Eco RI (see page

45). It was ligated into pBR322 that had been digested with

Hind III and EcoRI and then purified by gel electrophoresis in order

to lower the background of intact pBR322 on antibiotic selection

plates.
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The intron 12 insert is the 600 bp fragment that results from

digestion of the 1-3 subclone with Pvu II and Bam HI (see the figure

on page 47). This insert was ligated with the larger of the two

fragments that result from the digestion of pBR322 with Pvu II and

Bam HI.

The RRl strain of E. coli was transformed (46) with the

products of the above ligations and plated onto selective medium con

taining 50 yg/ml ampicillin. Tetracycline sensitive colonies were

selected and then further screened by restriction analysis of alka

line lysates (24) (see summary. Table III-l). Plasmid DNA was pre

pared as described (40,120) using CsCl/ethidium bromide gradients.

Nick Translation of Genomic DNA and Plasmid Clones

Total Balb/c liver genomic DNA was digested with Eco RI and

Hind III and then phenol extracted and precipitated with ethanol.

This material and all plasmid clones were nick translated as de

scribed in Chapter II.

Genomic Blots

Blots of genomic DNA were prepared and hybridized as described

above for the mapping gels. About 7 yg of EcoRI digested genomic

DNA was applied to each lane.

III. RESULTS

Restriction Enzyme Mapping of Albumin Subclones

Four Eco RI genomic subclones inserted into pBR325 were

chosen for analysis. These subcloned fragments are found in albumin
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gene in the 5' to 3' order, 3-1, 3-2, 1-3, and 1-5 (see Figure II-l,

page 15).

The 3-2 plasmid containing parts of introns 5-10 and includ

ing exons f-j was digested with various combinations of restriction

enzymes based on published data (88) and other enzymes that were of

interest. The location of Msp I sites was important because these

sites are susceptible to methylation and this modification has been

shown to be involved in the regulation of expression of several genes

(144). Figure III-IA is a photograph of an ethidium bromide stained

gel that demonstrates the results of this type of analysis. Many of

the bands in these digestions represent fragments of pBR325, which

has been sequenced, and so act as internal size standards. Lengths

in base pairs were calculated for the products of each digestion and

the data (see Table III-2 and Table III-3) from overlapping combina

tions of enzymes were used to construct a map of the plasmid and its

insert. A map deduced from the plasmid digests shown in Figure

III-l and others is shown in Figure III-2. This type of analysis

was performed for the other three Eco RI subclones also and the

resulting maps are presented in Figures III-3 and III-4 (see also

summary data in Table II1-3). The exons on these maps cannot be

precisely placed without sequence data and so represent the best

placement from the available data.

A cDNA clone is a DNA copy of the sequences present in a

mature mRNA molecule and as such represents only exon regions. The

cDNA insert from the pMA615 plasmid, containing exons c through 1,
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Figure III-l. Restriction digestion and Southern analysis of albumin
Eco R1 subclone 3-2.

Part A is the ethidium bromide stained gel of digestion products.
Part B is the autoradiogram that results from transfer to filter paper
of the gel shown in A and hybridization with the exon specific (cDNA)
probe pMA615. Lane numbers are the same in parts A and B and represent
individual restriction enzyme digests of DNA which are identified in
Table III-2. Two example fragments labelled 825 base pairs (bp) and
285 bp are identified in lane 1 which do not contain e,xon regions.



T
A
B
L
E
 
I
I
1
-
2

RE
ST

RI
CT

IO
N 

EN
ZY
ME
® 

FR
AG
ME
NT
S 
OB

TA
IN

ED
 B

Y 
DI
GE
ST
IO
N 
OF

 1
-2
 S
UB

CL
ON

E 
AN
D 
SH

OW
N 

IN
 F

IG
UR
E 

II
I-
l

Ba
nd
""

N
u
m
b
e
r

H
+
E

(
1
)

E

(
2
)

H

(
3
)

E
+
K

(
4
)

(p
BR

32
2)

®
A
v

(
5
)

H
+
S

(
6
)

H
+
K

(
7
)

K

(
8
)

(p
BR

32
5)

®
A
1

(
9
)

P

(
1
0
)

(p
BR

32
5)

®
E
+
P

(
1
1
)

E
+
P

(
1
2
)

H
+
P

(
1
3
)

(X
 p

ha
ge
)'
'

H

(
1
4
)

1
47

49
®

5
9
5
6

5
1
3
0

5
9
5
6

1
7
4
3

5
1
3
0

5
1
3
0

1
2
5
8
9

9
1
0

6
6
0
0

48
29

®
48

29
®

35
83
®

2
3
1
0
0

2
3
3
8
8

3
3
8
8

4
2
6
6

1
4
3
3

3
3
8
8

1
5
5
0

6
5
9

4
0
7
4

11
66
®

3
0
2
0

2
2
0
0

9
4
1
6

3
12
46
®

1
5
5
0

1
3
5
0

3
4
5

1
5
5
0

8
1
3

5
2
1

2
6
0

2
5
7
0

1
9
5
0

6
6
8
2

4
1
0
5
9

8
1
3

27
9*
'

8
1
3

5
5
0

4
0
3

11
66
®

1
5
5
0

4
3
6
1

5
8
1
3

3
5
9

3
5
9

3
5
9

28
1^

1
3
2
0

2
3
2
2

6
3
5
9

2
9
5

13
6^

9
0
0

2
0
2
7

7
2
8
0

3
5
9

5
6
4

8
2
6
0

R
e
s
t
r
i
c
t
i
o
n
 
E
n
z
y
m
e
 
A
b
b
r
e
v
i
a
t
i
o
n
s
:
 
A
1
,
 A
l
u
 
I
;
 A
v
,
 A
v
a
 
I
I
;
 E
 
E
c
o
 
R
I
;
 H
,
 H
i
n
d
 
I
I
I
;
 K
.
 
K
p
n
 
I
;
 P
,
 P
s
t
;
 S
,
 S
a
c
 
I
.

'^
Ml
no
r 
or
 p

ar
ti

al
 d

ig
es
ti
on
 b

an
ds
 a
re

 n
ot
 i
nc
lu
de
d 

in
 t

he
 d
at
a 
li
st
; 
le
ng
th
s 
of
 t
he
 D
NA
 f
ra
gm
en
ts
 s
ho
wn
 i

n 
Fi

gu
re

 I
II
-l
, 
pa
ge
 4
2,
 a
re

g
i
v
e
n
 
in

 
b
a
s
e
 
pa

ir
s.

'^
pB

R3
22

 (
17

9)
 p
la

sm
id

 a
nd
 p

BR
32

5 
(1

42
) 
pu
bl
is
he
d 

va
lu

es
.

''a
 p

ha
ge
 O
NA
 (
Be

th
es

da
 R

es
ea

rc
h 
La

bo
ra

to
ri

es
) 
pu

bl
is

he
d 

va
lu
es
 (
15

9)
.

^I
nd

ic
at

es
 b

an
ds
 d
er

iv
ed

 f
ro
m 

pB
R3

25
 v
ec

to
r 
(s
ee
 n

ot
e 
c)

.

^I
nd
ic
at
es
 t
he

 l
ar
ge
st
 b
an
d 
of
 a
n 

un
re

so
lv

ab
le

 g
ro

up
.

4
S
.

t
o



T
A
B
L
E
 
I
I
I
-
3

SU
MM
AR
Y®
 
RE

ST
RI

CT
ED

 F
RA
GM
EN
T 

DA
TA

 
FO
R 
TH

E 
AL
BU
MI
N 

GE
NE

E
c
o
 
R
I

S
u
b
c
l
p
n
e

3-
1'
'

E
c
o
 
R
I

S
u
b
c
l
o
n
e

3
-
2

E
c
o
 
R
I

S
u
b
c
l
o
n
e

1
-
3

E
c
o
 
R
I

S
u
b
c
l
o
n
e

1
-
5

R
e
s
t
r
i
c
t
i
o
n
'
^

F
r
a
g
m
e
n
t

F
r
a
g
m
e
n
t

L
e
n
g
t
h
 
.

a
n
d
 
T
o
t
a
l

R
e
s
t
r
i
c
t
i
o
n

F
r
a
g
m
e
n
t
 
.

F
r
a
g
m
e
n
t

L
e
n
g
t
h

a
n
d
 
T
o
t
a
l

R
e
s
t
r
i
c
t
i
o
n

F
r
a
g
m
e
n
t

F
r
a
g
m
e
n
t

L
e
n
g
t
h

a
n
d
 
T
o
t
a
l

R
e
s
t
r
i
c
t
i
o
n

F
r
a
g
m
e
n
t

F
r
a
g
m
e
n
t

L
e
n
g
t
h

a
n
d
 
T
o
t
a
l

E
 
t
o
 
A

1
0
5
0

E
 
t
o
 
H

1
1
0
0

E
 
t
o
 
8

A
 
t
o
 
H

1
0
0

H
 
t
o
 
K

2
7
0

8
 
t
o
 
8

H
 
t
o
 
A

8
5
5

K
 
t
o
 
H

5
5
5

8
 
t
o
 
S

A
 
t
o
 
H

1
6
0
0

H
 
t
o
 
M

4
9
5

S
 
t
o
 
P
v

H
 
t
o
 
S
m

1
8
0
0

M
 
t
o
 
M

4
5
0

P
v
 
t
o
 
P

S
m
 
t
o
 
K

8
8
5

M
 
t
o
 
P

3
0
0

P
 
t
o
 
E

K
 
t
o
 
E

1
2
6
0

P
 
t
o
 
P

2
0
0

7
5
5
0

P
 
t
o
 
S

S
 
t
o
 
H

H
 
t
o
 
H

H
 
t
o
 
E

8
9
0

1
0
4
0

3
7
0

2
8
5

5
9
5
5

1
4
8
0

B
7
5

2
8
0

3
2
0

5
5
0

5
8
0

4
0
8
5

E
 
t
o
 
A

A
 
t
o
 
P
v

P
v
 
t
o
 
H

H
 
t
o
 
E

4
0
0

5
3
0

2
8
0

3
0
5

1
5
1
5

^A
ve

ra
ge

 s
iz

e 
da

ta
 f

ro
m 
mu
lt
ip
le
 e
xp

er
im

en
ts

 r
ou

nd
ed

 o
ff

 t
o 
th

e 
ne

ar
es

t 
5
 b
p.

''
Th

e 
fo
ur
 c
ol
um
ns
 p

re
se

nt
 t
he
 r

es
tr
ic
ti
on
 f
ra
gm
en
t 
si
ze
s 

th
at

 a
re

 p
re
se
nt
ed
 i

n 
th
e 

ma
ps
 i

n 
Fi
gu
re
s 

II
I-
2,
 I
II

-3
,

an
d 

I
I
I
-
4
,
 p
ag

es
 4
5
,
 4
6
.
 a
n
d
 4
7
 r
e
s
p
e
c
t
i
v
e
l
y
.

^R
es

tr
ic

ti
on

 E
nz
ym
e 
Ab
br
ev
ia
ti
on
s:
 
A,
 A
va
 I

; 
8,

 B
am

 H
I;
 M
, 
Ms
p 
I;

 P
v,

 P
vu

 I
I;

 S
m,
 S
ma

 I
. 
an

d 
as

 i
n 
Ta
bl
e 
II
I-
2.

F
r
a
g
m
e
n
t
s
 
p
r
e
s
e
n
t
e
d
 
i
n
 
5
'
-
3
'
 o
r
i
e
n
t
a
t
i
o
n
.

^L
en

gt
hs

 g
iv
en
 i

n 
ba
se
 p
ai
rs
. 

To
ta

ls
 r

ep
re
se
nt
 t
he

 s
iz

e 
of

 t
he

 E
co

 R
I 
fr
ag
me
nt
 s
ub
cl
on
ed
 i

nt
o 

pB
R3
25
.

.
p
i



45

3-2

IS9SSI

Figure III-2. Restriction enzyme map of albumin Eco RI subclone 3-2.

The single line represents pBR325 sequences. Double lines are
albumin gene regions with exons shown in black boxes and introns
shown in open boxes with their numbers. Exons are labelled in lower
case letters inside the circle. Restriction enzyme sites are indi
cated at the outside of the circle and sizes and key to abbreviations
can be found in Tables III-2 and III-3. Cross-hatched areas indicate
intron regions that have been subcloned into pBR322. Size of the
albumin gene region insert is shown in the center in parenthesis be
low the subclone numbers.
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3-1

175901

1-5

115161

Figure 111-3. Restriction enzyme map of albumin Eco RI subclones 3-1
and 1-5.

Open box areas without numbers represent albumin gene regions
outside of the area included between exons a through o. See legend
for Figure III-2.
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Pv

Pv

140851

Figure III-4. Restriction enzyme map of albumin Eco RI subclone 1-3.

See legend for Figure III-2.
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was isolated on preparative agarose gels. The recovered insert

was hybridized to DNA blots made by transferring the DNA from the

mapping gels discussed above to nitrocellulose filters. When the

gel shown in Figure III-IA, page 42, was analyzed in this manner,

the autoradiogram shown in Figure III-IB was obtained. By comparing

the pattern of bands in the photograph with those that give a posi

tive signal in the autoradiogram, one can determine that there are

several non-pBR322 fragments that do not contain exon regions. Two

such fragments are identified in lane 1 of Figure III-l. This type

of data, when combined with the map locations of the exon regions,

allowed the assignment of intron specific DNA to three of the frag

ments shown on the map in Figure III-2, page 45. These fragments

are derived from introns 6, 7, and 10. A fragment from intron 12,

characterized in similar (see Figure III-5A and SB) fashion is shown

in Figure III-3.

Subcloning of Intron Fragments

The four fragments from albumin introns 6, 7, 10, and 12 were

isolated from a preparative agarose gel. Plasmid vector prepara

tions were digested with the appropriate restriction enzymes to pro

vide ends compatible for ligation with the intron fragments. Liga-

tions, transformation, screening, and amplification of the intron

subclones are described in the experimental procedures.

Repeated Sequence Analysis

Because repeated sequences had been reported in introns from

other systems (41) and in other introns of this system (88), the



49

Figure III-5. Restriction enzyme digestion and Southern analysis
of albumin Eco RI subclone 1-3.

The ethidium bromide stained pattern from several restriction
enzyme digestions of Eco RI subclone 1-3 are shown in A. Duplicate
gels as shown in A were transferred to filter paper and hybridized
with pMA615 cDNA clone (autoradiogram shown in B) or a labelled total
genomic DNA probe (autoradiogram shown in C). Lane S is the size
standard pattern of X phage DNA digested with Hind III (sizes given
in Table III-2). Restriction enzymes used for digestions were:
Lane 1, Sac I and Bam HI; lane 2, Sac I, Bam HI, and Pvu 11; lane
3, Sac I, Bam HI, and Pst I; lane 4, Sac I, Pst I and Pvu II. The
indicated fragments at 320 bp and 280 bp are shown in B not to con
tain exon regions and in C to hybridize to the genomic probe indi
cating the presence of repeated sequences. The 875 bp fragment is
shown to contain exon sequences (B) and repeated sequences (C). The
gene region shown at the bottom of the figure represents the rele
vant area around intron 12 also shown in Figure III-4. Two fragments
labelled 680 bp and 550 bp do not contain repeated sequences and
also show that the pMA615 cDNA probe does not include exon m.
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intron subclones were used in hybridization experiments against

total genomic DNA that had been digested with a restriction enzyme

and blotted onto a nitrocellulose filter. If an intron fragment

contained a sequence that was found only in the albumin region then

it should hybridize to only a single fragment of genomic DNA that is

predictable from the maps. If other sequences in the genome were

homologous to the probe, then hybridization would occur everywhere

those sequences occurred in the digestion pattern. The results of

hybridizing these probes with EcoRI digested RNA is shown in Figure

III-6. For comparison, a lane hybridized to the cDNA probe, pMA615,

is shown in lane 1. Two predicted fragments at 6.0 kb (see Figure

III-2, page 45) and 4.0 kb (see Figure III-4, page 47) are detected

by the cDNA probe. The third cDNA detected fragment, at 10 kb, is

larger than the 7.5 kb fragment in the 3-1 Eco RI subclone (see

Figure III-3, page 46) because the 5' Eco RI site is an artifact of

the original cloning. With an EcoRI enzyme digestion, only the mid

dle fragment would be expected to be detected by the probes for in-

trons 6, 7, and 10. They all detected the predicted 6.0 kb fragment.

The result is consistent with the intron sequence being unique to

the albumin gene. A weakly hybridizing band at about 5 kb is an

artifact produced by nick translated pBR322 sequences since if only

isolated insert fragments are nick translated, this signal is not

seen (data not shown). Intron 12 would be expected to hybridize

only to the 4 kb Eco RI fragment if it were also unique, but instead

it hybridizes to a continuum of fragments. This pattern is



M ̂ 4519

cDNA 1-7 1-10

Figure III-6. Southern analysis of Eco RI digested genomic DNA with
cDNA and intron probes.

The three fragments detected in lane 1 by the cDNA represent
the three Eco RI fragments in the natural albumin gene that have re
gions homologous to the pMA615 cDNA probe. Introns 6, 7, and 10 de
tect only the middle 6 kb fragment (contained in Eco RI subclone 3-2)
(lanes 2, 3, and 4). Lane 5 shows that intron 12 detects repeated
sequences throughout the mouse genome.
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characteristic of the hybridization expected for highly repeti

tive sequences.

The insert in the intron 12 subclone was known to contain two

fragments of DNA, separated by an Sst I site, which might be useful

in further localizing repeated sequences in this region. Several

other intron 12 region fragments also remained uncharacterized in

the 1-3 clone. Therefore, an experiment was performed to analyze

the 1-12 region in greater detail. When nick translated, total

genomic DNA is hybridized to albumin gene DNA fragments, hybridi

zation is expected only with fragments that contain repeated

sequences. This result is seen because unique sequences in the

genome are in such low proportion to the whole DNA complement that

they give an undetectable signal when hybridized (79,171).

When the 1-3 Eco RI subclone which contains the intron 12

region (see Figure 111-4, page 47) is digested and hybridized with

labelled genomic DNA, the results seen in Figure III-5C are seen.

This experiment reveals that repeated sequences are present in both

of the fragments in the intron 12 subclone and also in the adjacent

875 bp Bam HI fragment. This Bam HI fragment also contains exon "1"

(see Figures III-5B and III-4) but the repeated sequence must not

overlap the exon region because hybridization to genomic DNA with

pMA615 (exon probe) detects only unique fragments (see Figure III-6).

A control for the detection only of repeat sequences by the genomic

probe is the fact that other unique sequence fragments do not show

any signal with this probe (see the 680 bp and 550 bp bands in lane

4 of Figure III-5).
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IV. DISCUSSION

The results presented here have added to our knowledge of the

fine structure of the albumin gene. For all of the restriction

enzyme sites originally indicated on a large scale map (88), approx

imate nucleotide distances have been established. In addition, some

of the enzyme sites for Msp I have also been determined. When com

pared to the large scale albumin map of Kiousis et al. (89), dif

ferences in the locations of several Hind III restriction enzyme

sites have been found. These differences could result from poly

morphisms in this region of the gene or from errors in mapping.

Another interesting possibility is a rearrangement of this region

in association with an oncogenic transformation event. The origin

of the sequences examined here was DNA from a plasmacytoma cell

line, while those characterized by Kiousis et al. were from fetal

mouse DNA (89). Gene rearrangements in oncogenesis have been de

scribed (135) but the limited nature of the differences seen here

makes the alternate explanations more likely. Sequence analyses

should resolve these differences in the near future. This new and

more detailed information allows the examination of the albumin

gene with the aim of identifying regions that might be useful in

further functional analyses.

Four regions of intron DNA were determined to be bounded by

restriction enzyme sites that could readily be matched to cloning

sites in pBR322. These regions from introns 6, 7, 10, and 12 were,

therefore, selected for subcloning. The characterization of the
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intron subclones presented here shows that they do contain albumin

specific regions because they identify the correct albumin fragment

when hybridized to genomic DNA and that three of them represent

sequences that are unique within the genome. With a cDNA probe con

taining exon regions available, the preparation of probes specific

for introns 6, 7, and 10 provide the opportunity for performing

several types of analyses comparing expressed with nonexpressed gene

sequences. At the DNA level, these differential probes can be used

to study differences in chromatin conformation or interactions in

nuclear matrix associated functions. Also, experiments designed to

follow the fate of intron regions during RNA processing have been

carried out and are presented in Chapter IV. Note that the 5' Hind

III sites of the intron 6 and 10 subclones lie at the edges of exon

regions (see Figure III-2, page 45). Though at least a few of the

subcloned nucleotides originate as exons, the Hind III sites must be

close enough to the intron/exon boundary to prevent detectable

hybridization with a cDNA probe.

A fourth subclone containing an intron 12 region has been

shown to contain sequences that are highly repeated in the mouse

genome. This fact makes hybridization studies such as those sug

gested above difficult, if not impossible, to interpret. However,

this region will be useful in analyzing both the possible functional

roles and the evolutionary origins of this type of sequence. If the

repeated sequence does not enter the region of exon 1 (see Figure

III-4, page 47), the size of this repeat must fall between 300 bp
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and 1200 bp, as judged from the detected restriction fragments. This

result most closely assigns this region to the group of short,

interspersed repeats seen in many eukaryotes, including yeast (172),

and agrees well with a size of about 925 bp determined by Kiousis

et al. (88).

It may be speculated that the evolutionary origin of this

region in an intron of albumin occurred by some type of transposi

tional mechanism. There is persuasive circumstantial evidence to

support this notion. The corresponding intron of AFP does not have

this sequence but its intron 3 does have a shorter related region

as well as two homologous sequences in its 5' flanking region.

Intron 12 is the central intron in a proposed four exon primordial

domain (88) (see Figure II-l, page 15) and this repeat is not found

in an analogous position in any of the other domain-centered introns

of either albumin or AFP. In addition, despite the presence of many

types of repeats known to be interspersed between genes (172), rela

tively few are found within introns (41,127). Rat growth hormone

but not its human counterpart is an exception (127), and the proposal

of insertion has been suggested to account for this observation also.

Rat albumin intron 12 must also be free of this repeated sequence

because when genomic DNA is used in hybridizations against clones of

genomic rat DNA, only unique fragments are detected in the region

of intron 12 (unpublished). These observations make it extremely

unlikely that this repeated region was present either very early

when the multiple-domain primordial gene formed (123) or at later
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stages of evolution when the'albumin and AFP duplication occurred

(79) or when rat and mouse diverged. Instead, the proposal that

these regions are somehow mobile in the genome and were inserted at

a more recent time, better explains the observed distribution. Re

cently, other experiments have also detected homology of this region

with a sequence derived from the mouse g-globin gene cluster (67).

Another unrelated repeated sequence has been discovered in intron 1

of AFP and has also been suggested to be an inserted sequence (196).

It is a member of the common mouse Alu-like family and possesses

the flanking direct repeats and other features characteristic of

sequences that have been proposed to have an insertion origin (196).

There is very little evidence for a function for these repeat

regions as yet. A general observation that might argue for a function

is that mRNA contains significant amounts of these sequences but at

least 90% is lost during processing in the nucleus prior to trans

port into the cytoplasm (49). In the case of Alu-like repeats, sig

nificant homology has been found with the 7S RNA that is involved in

protein secretion through the signal recognition particle (189). A

reverse transcription of this RNA and then insertion into the genome

has been proposed (81) but even if true, the reasons for selection

of these insertion sites remains a mystery.



CHAPTER IV

ALBUMIN PRECURSOR RNAs ARE PROCESSED THROUGH VARIABLE

PATHWAYS IN ASSOCIATION WITH THE NUCLEAR MATRIX

I. INTRODUCTION

The processing of precursor RNAs offer the eukaryotic cell

another level of regulation of gene expression. Many genes, includ

ing albumin and AFP (183), have been shown to be regulated primarily

at the level of gene transcription but, in recent years, post-

transcriptional mechanisms of regulation have also been seen in

several systems. Immunoglobulin heavy chains, of several classes,

have now been shown to be synthesized from two types of mRNAs which

specify either a membrane-bound or a secreted form of the protein

(101). These two mRNAs are transcribed from the same gene and then

differential pathways of precursor splicing regulate which form of

mRNA is generated for export to the cytoplasm for translation. In

this example, the regulatory decision is made in selecting alternate

polyadenylation and splice sites at the 3'-end of the RNA molecule.

The choice of polyadenylation site as a regulatory event for adeno-

virus (200) has been described in Chapter II. After the choice of

polyadenylation sites has been made, the resulting RNAs are differ

entially processed to yield still further diversity in the final

mRNA population (116). Alternate splice sites also regulate 3'-end

changes in mRNAs coding for either calcitonin or a neuropeptide in

58
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a tissue specific manner (6). For calcitonin (6) and a-amylase (197)

variability in 5'-end mRNA sequences has also been noted, but in these

cases the protein coding region are not altered. In the cases where

the splicing pattern changes the expression of exons at the 3'-ends

of the genes, these processing variations essentially represent

choices in splicing pathways open to particular mRNA precursors.

The nuclear factors which influence these decisions remain unknown.

In some cases, examination of nuclear RNA processing inter

mediates has revealed molecules created by multistep processing of

specific introns. At least two steps have been reported to be re

quired for the removal of the large intron from the mouse B-globin

transcript (87) and an intron in the chick a2-collagen RNA pre

cursor (9). These multistep splicing reactions potentially offer

another process that might be exploited in regulation by splicing.

The splicing pathways for several high abundance mRNAs have

been studied using two approaches. For vitellogenin, ovalbumin, and

ovomucoid, duplex molecules formed by hybridizing nuclear RNAs to

genomic DNA clones were analyzed with the electron microscope (36,

158,185). This method has the advantage of allowing identification

of specific introns that have been removed from individual splicing

intermediates. These analyses showed that individual introns were

removed, not in a random or obligatory order, but in a preferred

order (36,158,185). No partially excised introns were reported in

these studies. Another approach that has been used to study process

ing pathways is one in which intron specific probes have been
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hybridized to nuclear RNA in an attempt to determine which of the

precursor bands, normally seen with a cDNA probe, are no longer

detected. When this analysis was applied to the same ovomucoid and

ovalbumin precursors studied above with electron microscopy, the re

sults agreed completely and allowed assignment of a preferred order

of processing for the seven introns involved (36,185). This type of

experiment has also been successfully applied to the analysis of

immunoglobin kappa light chain RNA precursors (137).

Several groups have reported experiments suggesting that the

processing of mRNA precursors occurs in association with a specific

structural component of the nucleus. Pederson and associates have

proposed that nascent RNAs are packaged by a characteristic set of

proteins as they are transcribed (133) and, further, that the result

ing heterogeneous nuclear ribonucleoprotein (hnRNP) particles can

be isolated and shown to contain RNA precursor molecules for g-

globin (134). These particles are isolated from nuclei disrupted by

sonication (133) and therefore may afford only a partial glimpse of

the in vivo functioning nuclear structure. Another method of nuclear

fractionation has recently been reported that preserves the ultra-

structural integrity of the nucleus. This nuclear matrix structure,

seen in a variety of eukaryotic cells, is derived from nuclei that

have been exposed to a detergent and were extracted in high salt

solutions (17). Many of the nonhistone and most of the histone

protein components of chromatin are lost during this procedure but,

for adenovirus (103), g-globin (154) and chicken oviduct proteins
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(39), precursor RNA molecules are reported to remain associated. In

the oviduct experiments, the complete set of both ovomucoid and

ovalbumin RNA precursors were associated exclusively with the matrix

structure, as opposed to any soluble fraction, and provided evidence

that supports the concept that processing may occur on the matrix

(39). In support of this concept, the precursor rRNAs were also

localized on the matrix structure while the L)1 RNA, which has been

implicated in RNA processing, was distributed between the matrix and

soluble fractions (39). This function for nuclear matrix adds to

those previously described which involved the DNA replication and

transcription functions (16,150). Recently, a role of nuclear

matrix in the export of RNP particles has been described (79).

In this chapter, evidence is presented that processing of

albumin RNA precursors also occurs in a preferred order and that the

precursor intermediates are associated with a residual nuclear pro

tein matrix.

II. EXPERIMENTAL PROCEDURES

Analysis of Nuclear RNA Blots with Intron Probes

Nuclear RNA was prepared, blotted, and hybridized as described

in Chapter I. Probes for introns 6, 7, and 10 were described in

Chapter II.

Analysis of Nuclear Matrix Associated Albumin RNA

Nuclear matrix fractions were isolated using a modification of

the procedure described by Ciejek et al. (39). Three livers were
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excised into ice cold Buffer A (50% v/v glycerol, 10 mM NaCl, 1.5 mM

MgCl2> 10 mM Tris-HCl, pH 7.6) and homogenized in a tissue-mizer

(Brinkman Instruments) at 0°C three times for 15 seconds each. The

homogenate was filtered through ten layers of gauze into a 50 ml

tube held at -20°C in a salt/ice mix. Crude nuclei were pelleted

at 7500 rpm for 15 minutes at -20°C. The nuclear pellet was re-

suspended in 15 ml of ice cold Buffer B (2.2 M sucrose, 50 mM Tris-

HCl, pH 7.4, 5 mM MgCl2) with three strokes in a Potter-Elvehjem

type homogenizer. This solution was transferred to a precooled SW27

nitrocellulose tube and additional Buffer B added to fill the tube.

Nuclei were pelleted at 55,000 xg for 75 minutes at 0°C in the SW27

rotor. Isolated nuclei were resuspended in solution A at -20°C with

three strokes of a Potter-Elvehjem homogenizer and pelleted at 4000

xg for 10 minutes at -20°C. Nuclei were resuspended by aspiration

in solution A plus 0.5% Triton X-100 and then pelleted as above.

Nuclei were resuspended by aspiration in 2 ml of solution A, one-half

of the preparation was held at -20°C for extraction of total nuclear

RNA. To the other 1 ml was added 25 yl of a 4.2 mg/ml stock solu

tion of RNase-free DNase I and this suspension was held for 5 minutes

at zero degrees. The small degree of DNase activity under these con

ditions was determined empirically to be just enough to allow pellet

ing of nuclear matrices out of the gel that results when high salt

is added to the subsequent step. To the digested nuclei was added

3 ml of solution C (2 M NaCl, 50% v/v glycerol, 1.5 mM MgCl2s and

10 mM Tris-HCl, pH 7.4) at -20°C and this suspension was pelleted
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at 4000 xg for 10 minutes. This pellet and the whole nuclear fraction

above was lysed, phenol extracted, and the RNA purified through CsCl

gradients as described for whole nuclei in Chapter II.

No commercially available preparation of DNase I is completely

RNase-free, therefore DPFF grade DNase I (Worthington Biochemicals)

was further purified by chromatography on a column of UMP-agarose

(Miles-Veda Ltd.). The resulting solution was then adsorbed with

bentonite (Fisher Chemicals) before use (64).

III. RESULTS

Analysis of Albumin Nuclear RNA Processing Pathways

Preliminary blotting experiments presented in Chapter II have

shown reproducible albumin RNA processing intermediates from adult

liver nuclei. In order to determine whether there is a specific

sequence of processing, several unique sequence intron probes were

isolated and characterized (see Chapter III). Four identical lanes

of nuclear RNA were blotted onto nitrocellulose filters and were

hybridized with either cDNA for albumin or one of the three sub-

cloned intron regions. Figure IV-1 shows the autoradiograms of the

detected RNA sequences. Lane 1 is the normal result that has been

reproducibly seen with the albumin cDNA probe and shows a strong

mRNA band. In these experiments a large hybridization signal in the

area of the 45S rRNA is seen at the top of the lanes. This signal

is seen occasionally in these nuclear RNA blot experiments and is

believed to result from contaminating large molecular weight DNA for
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Figure IV-1. Analysis of albumin RNA processing pathway with intron
subclones.

Ribosomal RNA standards and mature mRNA are indicated. Probes
used in individual hybridization of each lane, containing 20 yg of
nuclear RNA, are indicated below the lanes.



65

two reasons. The RNA preparation used in this experiment and several

others that gave similar results gave a yield that was several fold

greater than that usually seen. Also, a previously published exper

iment using this technique showed a very similar effect that was

attributed to DNA contamination (72). It is believed that this con

taminant does not affect the results shown in the lower portions of

the lanes because the results seen with the cDNA are unchanged from

those seen with this probe when no DNA signal is observed (see

Figure II-2, page 21). Lanes 2-4 show the RNA precursors detected

by individual intron probes and clearly show that the large amount

of mRNA in these lanes is not detected by these probes. Intron 7

(lane 3) is shown to detect none of the usual RNA precursor bands

suggesting that this intron is excised very early from the population

of precursors. Intron 10 (lane 4) shows one band at about 3800 nt

and several other faint ones. This result might be interpreted as

showing a differential splicing pathway because several larger and

more abundant intermediate species appear to have already lost this

intron, yet, in some cases, smaller species do seem to retain it.

Hybridization with intron 6 detects multiple species of RNAs but

again does not hybridize to all of the same RNA precursors detected

by the cDNA probe. This result also suggests a variable pathway of

processing but, intron 6 in general, survives as a component of

species that are smaller than those detected by intron 10 and some of

which are very close to the mature mRNA size. Note that the intron

6 probe also strongly detects a small RNA species which is about
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1300 nt in length similar in size to one that had been detected with

the albumin cDNA probe.

Albumin RNA Processing Intermediates are Associated with Nuclear

Matrix

Since the nuclear matrix had been implicated as an important

multifunctional structure in the nucleus and had been proposed to

be associated with precursor RNAs for several genes, nuclear matrix

from adult mouse liver was analyzed for content of albumin RNA pre

cursors. RNA isolated from a matrix preparation was separated on

an agarose gel, blotted as described above, and hybridized with the

labelled albumin cDNA probe. Figure IV-2 shows an experiment with

nuclear matrix RNA (lane 2) and whole detergent washed nuclei (lane

1) that had not been DNase digested or extracted with high salt. The

A and B parts of this figure show short and long exposures of the

same experiment. Bands larger than the mature message are detect

able in both of these lanes although large bands are difficult to

resolve. The nuclear lane in this experiment contained approximately

twice the amount of RNA as the matrix lane. The two small albumin

bands that were previously seen are also detected associated with

the matrix in this experiment. Previously reported RNA associations

with matrix would suggest that these small albumin species might be

involved in a processing pathway or are destined for cytoplasmic

transport.
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Figure IV-2. Albumin RNA processing intermediates associated with
the nuclear protein matrix.

A and B parts are short (1.5 days) and long (7 days) auto-
radiogram exposures of the same experiment. Lane 1 contains about
32 yg of total nuclear RNA and lane 2 contains about 16 yg of nuclear
matrix-bound RNA. Both lanes were transferred to filters and hybrid
ized with the pMA615 probe.
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IV. DISCUSSION

In general, a preferred order of removal of intron regions

has been the finding in all previously studied systems of protein

mRNA precursors. In some cases, a required order could be assigned

to individual introns. For ovomucoid, intron E was not detected in

any other species except the primary transcript (185) and in adeno-

virus, the first intron of the tripartite leader sequence seems to

be removed first (116). This scenario might apply to intron 7 of

albumin which is not detected in any nuclear RNA, but a firm conclu

sion cannot be drawn on this point because there must be early steps

of processing that occur too rapidly to be detected in these experi

ments. A variable order of processing does seem consistent with

the results seen for introns 10 and 6 probes. The existence of

larger species of RNA precursors that are undetectable with these

intron probes is good evidence that more than one processing pathway

is available. Introns 6 and 10 are in positions in the albumin gene

that separate the exon groups comprising the primitive domains (88)

(see Figure II-l, page 15). One might expect some similarities in

their processing fates because of this relationship but this simi

larity if it exists is not interpretable from these data.

The small RNA at about 1300 nt detected by intron 6 is very

close to the predicted size of the intact intron 6 region of 1380 t

93 bp (88). The most obvious interpretation of this result is that

this intron is usually removed as an intact fragment that exists in

a stable detectable concentration in the nucleus but does not
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represent a functional sequence. In support of this idea, it has

been found that this intron specific fragment is not polyadenylated

and is not detectable in cytoplasmic RNA (data not shown). However,

if the size of the smallest RNA precursor species (i.e., smallest

band that is larger than the mRNA) that hybridizes to intron 6 is

examined, it is found to be only several hundred nucleotides larger

than the mRNA (see Figure IV-1, lane 2, page 64). Since intron 6 is

1380 nt long (88), there are two possible interpretations of this

result. First is that this intron is removed by a multistep process

ing reaction thus generating the unexpected size intermediates. This

interpretation cannot be ruled out at this time, but it may be rele

vant that in previous studies none of the high abundance mRNAs for

proteins such as the oviduct proteins (185) or vitellogenin (158)

showed multistep processing of individual introns. In addition, the

observation of the strongly hybridizing band at 1300 nt (discussed

above) suggests that most of this intron may be removed as one frag

ment. Another possible interpretation that might help explain the

previously mentioned observations of small albumin RNA species (i.e.,

about 1800 nt and 1300 nt) is one of alternate splicing. The splic

ing process is known to exhibit flexibility in other systems so

perhaps some unorthodox combinations of exons and introns are being

synthesized by this process. An alternate splicing pathway might

explain both the observation of unexpected sizes of RNA intermediates

detected by intron 6 and the observation of small RNAs that contains

sequences complementary to exon regions. This idea might explain
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why these small species are also seen to be associated with nuclear

matrix (Figure IV-2) and in cytoplasmic RNA (data not shown). In

the nucleus (Figure II-2, page 21) and in the cytoplasm (data not

shown) the small albumin RNA species seem to be distributed between

poly[A-] populations (see Figure II-3, page 25) possibly indicative

of short poly[A] tails. It is believed that the 1300 nt species de

tected in the nucleus by the intron 6 probe is distinct from the

band of similar size detected by the cDNA probe because the hybridi

zation signal detected in the exon experiments is usually clear but

not strong while the band detected with the intron 6 probe (Figure

IV-1, lane 2, page 64) is always quite intense. In addition, the

two small bands detected with the exon probe are found in poly[A+]

and cytoplasmic fractions while the 1300 nt intron 6 band is not

found in these fractions. If alternate splicing occurs the question

arises whether these small albumin RNAs are a result of a processing

pathway that leads to a dead end or one that produces a functional

molecule. If the small RNAs are nonfunctional, they seem to un

expectedly survive to reach the cytoplasm. The nuclear and cyto

plasmic small albumin RNAs seen here are also seen in normal rat

liver nuclei (56) but no interpretation is given for the presence

of these RNAs in normal liver. Our data show a shift of at least

several hundred nucleotides, from a 2200 nt mRNA to 1800 nt and

another at 1300 nt (see Figure II-2). Therefore loss of a 200 nt

poly[A] tail cannot account for this observation. One other pos

sible origin for the small albumin RNA species is transcription from
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the opposite DNA strand. Because the probes used in these experi

ments are labelled in both strands, an RNA of this type could be

detected. A precedent for transcription on the opposite strand of

AFP has been shown to occur at an initiation site in a repeated

sequence in intron 1 (196). A repeated sequence, possibly as seen

in intron 12 of the albumin gene, might be the most likely promoter

for this type of transcription. Cellular turnover of mRNA occurs

naturally and during this process secondary or tertiary structural

features of the mRNP particle may contribute to the detection of

discrete bands of degraded RNA. Therefore, even though precautions

have been taken, the possibility cannot be excluded that the small

albumin RNA bands result from a specific degradation of mature mRNA.

If these small RNAs do somehow function, then they represent a fas

cinating new feature of albumin gene expression and one that should

be amenable to deciphering with current techniques.

In these nuclear RNA experiments, it has always been diffi

cult to predict with confidence the preparation of undegraded RNA.

Originally, it was hoped that nuclear matrix preparations would pro

vide an RNA fraction that was enriched for precursors as would be

expected if bulk nonprecursor RNA was removed from the matrix frac

tion. Unfortunately, preparations of nuclear matrix RNA were found

to be even more difficult to maintain in an undegraded state. The

experiment shown in Figure IV-2, page 67, does show detectable

albumin RNA species that are larger than the messenger RNA but the

normal pattern of albumin precursors is not seen. The fading array
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of precursors, seen in Figure IV-2, page 67, coupled with the fact

that in this gel the 45S rRNA precursor could not be detected (data

not shown), suggests that some degradation has occurred in these

samples. However, the conclusion that at least some of the pre

cursor molecules and the small albumin RNA molecules are matrix

associated seems reasonable. Though the data for matrix association

are not as complete as was hoped when these experiments were begun,

they seem consistent with an emerging unifying concept of a struc

tural framework in eukaryotic nuclei. If one considers the variety

and complexity of cytoplasmic structures devoted to the synthesis,

modification, processing, and transport of protein molecules, some

type of analogous functional framework in the nucleus might be

expected. The data contributed by many systems suggest that genes

that are to undergo transcription become preferentially associated

with the matrix structure (150), are transcribed and their trans

cripts are packaged into hnRNP particles and are then processed as

they proceed in some unknown fashion towards the nuclear pore.

The contributions that this work on albumin and AFP nuclear

RNA has made to molecular biology can be expressed in two parts.

Experiments that have demonstrated multiple species of polyadenylated

mRNA precursors, whose introns are removed in a preferred order,

essentially confirm, in this newly studied system, earlier findings.

The complex organization of the albumin and AFP genes would make

further studies of the details of their RNA processing very diffi

cult. Therefore, simpler systems of processing extracts studied jji
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vitro (126) or studies of "minigenes" constructed in vitro (196) are

the proposed directions for future research.

The second class of presented results and their interpreta

tions are of a more hypothetical nature. The notion that a functional

small albumin RNA molecule might be generated from albumin RNA pre

cursors remains only a preliminary proposal at present. Though

precedents for regulation of this type do exist (5,6) at least two

facts must be experimentally established before this suggestion can

be seriously considered. First, the small RNAs must be shown not

to be derived from a process of general degradation, or conversely

that they do derive from a specific processing pathway. Second, a

function for these small albumin RNA species should be confirmed.

Experiments designed to determine what gene sequences are contained

in these RNA molecules or what protein products might result from

their translation should have relevance to these questions. Tissue

specific variation in rate limiting steps of albumin RNA processing

has also been observed here. The presence of this variation in the

liver of newborns and tumor tissues most likely reflects some dif

ferences in the assembly of hnRNP particles for albumin transcripts.

A different set of hnRNP proteins may have as its direct consequence

changes in the set of detectable albumin RNA intermediates and at

the same time be indicative of another method used by the genetic

apparatus to establish a particular cellular phenotype. Gene

expression differences in different tissues are often accounted for

by transcription of different sets of genes, however, regulation by
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alternate hnRNP assembly schemes could also affect RNA processing,

translational efficiency and mRNA stability. Thus, hnRNP assembly

may represent a cellular mechanism of fine tuning the expression of

a particular assortment of transcribed genes. Characterization of

tissue specific sets of nuclear proteins is possible using current

technology, however, identifying their associations with particular

nuclear transcripts will be the challenge of future research in this

area.
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