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ABSTRACT

Assays of transcription rate and mRNA corncentration were
desigrned and employed to measure the production of a series
nf liver-specific and common mRNAs in fresh livers, primary
hepatocyte cultures and hepatoma cell lines, derived from
mice or rats. The transcription rates of many different
liver—specific but ro common mRNAs were found to declirne
sharply within 24 houwrs when hepatocytes from the liver were
explanted and placed into primary culture. Hepatoma cells
Kriowr to display liver—-specific characteristics alsao
transcribed liver—-specific gernes at low levels similar to
primary cultuwred hepatocytes. In contrast, slices of liver
tissue exposed to the same culture conditions for 24 hours
maintained high rates of liver—-specific trarnscripticon. These
and other experiments demonstrate that: 1) max imum
transcription of  many liver—-specific mRNAs depernds on
mainterance of the cells in a mature tissue structure; 2) low
levels of liver-specific mRNA production can persist outside
the tissue; and 3) the coordinate loss and recovery of many
different liver functicns observed in one line of hepatoma
cell clones involves the regulation of tissue-specific mRNA
coricentrations through both  trarnscriptional  and poast—

transcriptional means.
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CHAPTER ONE

INTRODUCTION

In the last few decades, the basic mechanisms that
control a cell’s character, from simple cells to the most
complex, have been identified. Genes are now known to be made
of DNA, and the flow of information from DNA into protein has
been charted. That flow usually seems to be controlled at the
level of mRNA production, and more specifically at the level
of transcription (Darnell, 1982). The key enzymes invaolved in
the process of transcription have been identified (Roeder,
19761, and much effort is now devoted to understanding  how
these enzymes and other regulatory factors interact with
specific sequences in DNAR to result in the controlled
expression of single isolated geres (e.g., Ott et al., 1328z,
1984; Schlissel and Brown, 1384; Bryan et al., 1983, and many

octhers).

What we have yet even to glimpse, however, is this: how
does a cell in a multicellular organism exert concerted
control over the many different geres that collectively defire
it as a unique cell type? What mecharisms in a cell guide it
in choosing which set of geres to trarnscribe? In shaort, why

does a liver cell make liver-specific mRNR, and a brain cell

not ?

A ultimate arswer to this gquesticn must address three



issues. First, the levels in the cell at which key regulatory
decisions are made must be identified. For example, the final
guantitative regulaticn of many gene products  in mature
tissues appears to be exerted through transcripticnal controls
(Darmiell, 1982). Eut whether the wunderlying gualitative
tissue-specific character of a developing cell first arises

through transcriptional controls is unexamined.

Second, given krnowledge of the biochemical level at which
tissue specificity is regulated, the precise mechanisms of the
controlling machinery must be understood. This may reguire
biocchemical or molecular genetic isclation of the machinery’s
components, and will undoubtedly depend or the fidelity and
flexibility of the biclogical models available for study in

the laboratory.

Finally, we must come to understand the historical
process of development. How (arnd when) are the various
contraolling mecharnisms in the varicus cell types activated and
coordinated, to result in the right kind of cell, at the right
spot, at the right time? Cell interacticons undoubtedly play a
significant rale in this process of sigrnalling and
coordinat ion, but the exact rature of these sigrals, arnd how
they may lead to changes in gereral patterns of gene activity,

are barely short of mysterious.

A gerneral strategy for examining these questions would be

to follow a single cell type, step-by-step through



development, monitoring the production of multiple tissue-—
specific products along the way. This would clearly be an
ambitious undertaking. Arnd since so few cells in the embryo
participate in the earliest inductive processes, biochemical
and molecular geretic analysis would be extremely difficult

indeed.

Ar alternative approach would be to work backwards. Start
with a mature tissue, ideally a large and simple tissue, and
try to perturb it in such a way that large blocks of tissue-
specific genes were simultaneocusly affected. If such
perturbations could be defined, orne could then apply
biochemical and molecular genetic techniques to understand
and/or  isolate the mecharisms invalved in coordinate control
of tissue—-specific gernes. With this knowledge, one might then
be in & position to approach the embryolaogical issues

directly.

I my thesis work, I have taken this second approach to
studying the control of tissue-specificity, using the rodent
liver as a biological subject. The liver is an especially
good  source of a large riumber of well-differentiated cells of
a highly homogerneous type. Furthermore, the uniformity of
liver tissue structure makes it relatively easy to observe the
furnction of liver cells in their normal environment, and to

manipulate that ernvirornment.

I have exploited both physical and gernetic techniques to

3]



perturb the function of liver cells. Using the tools of
molecular gernetics to monitor the production of tissue-
specific mRNAs in liver cells in various states, 11 have come
to three broad conclusions: first, that specialized mechanisms
do  irn  fact seem to exist that coordinate the production of
many different mRNAs related orly in their tissue-specif:ic
pattern of expression; second, that ocrne of these mecharnisms
results inm a high level of transcription of tissue specific
geres as long as the cells remain a part of a mature, intact
tissue; and third, that arnother mechanism may exist to control
o maintain the low level of tissue—-specific mRNAR production
observed in fetal liver cells or in mature cells outside the

liver tissue.

KEY ATTRIBUTES OF THE RODENT LIVER

The liver has numerous advantages as a subject for the
analysis of tissue-specific gene control, including: large
size, cellular homogereity, uniform architecture, biochemical
specialization, simple developmental history, established
techriques for primary culture, arnd related clonal cell lines
that maintain some tissue specific functions in culture.
Because of these advantages, cDNA-containing plasmids have
already been isclated that hybridize conly to liver messenger
RNA  (Derman, et al., 1981), and basic aspects of mRNA
metabolism  inm liver cells have already been investigated

(e.g., Fowell, et al., 1984; Friedmarn, et al., 13984; Barth, et

4



al. 198&; Muglia and Locker, 19843 Derman, et al., 1981).
LARGE SIZE

After the skin, the liver is the largest organ in the
body (Jones and Spring-Mills, 1383). In adult mammals, the
liver accounts for 1% or more of total body weight (Doljanski,
126@) . The liver of a single 3@ gram mouse, for example,
weighs abcocut 1 gram, and yields more thanm 1@@ million cells
wher, the tissue is disaggregated (e.qg., Clayton and Darnell,

1983).

CELLULAR HOMOGENEITY

A sirngle cell type, the hepatocyte, constitutes about 90%
of the mass of the mouse liver (Greengard et al., 1972).
Though the hepatocyte may only account for about half of the
rnumber of cells in the liver, many hepatocytes contain at
least two nruclei, so about 75% of the transcriptional

machirnery of the liver is contained in hepatocytes.

In additiorn to hepatocytes, the liver is alsoc krnown to
cantain endothelial cells, Kuppfer cells, fat-storing ("Ito")

cells, and cells of the biliary tree (e.g., Jones and Spring-

Mills, 1983).

UNIFORM ARCHITECTURE

Unlike many other differentiated tissues, the

architecture of the liver is more or less uniform throughout

o



the organ. Hepatocytes, linked by tight guncticons, desmoscomes
and other connections (Montesarno et al., 13785 Evans, 1282;
Gallin et al., 1983) and contactirng an extracellular matrix
(Reid and Jeffersaon, 1984), are arranged in plates separated
by siruscids (frequently ferestrated capillaries) that are
lined by rather scarce endothelial cells (Jornes and Spring-
Mills, 1983). These plates are arranged like spokes in  a
wheel to result in the fundamental functicmal unit, the liver
lobule, that 1is repeated thousands of times throughout the
tissue. The plates radiate from the "central vein" ocutward to
the perimeter of the lobule, which is defirned by (usually)
five or six "portal triads" each consisting of a bile ductule
and the terminating branches of the portal vein and hepatic
artery. EBlood enters the liver through the portal vein and
hepatic artery, and exits each lobule through the central vein
to the inferior vena cava. Bile, secreted by hepatocytes irto
Junctioral spaces called "bile carmaliculi," flows in the
opposite direction, and ultimately exits the laobule through

the bile ductules at the portal triads.

Each liver lobule is on the order of 1 mm in diameter;
hepatocytes themselves are typically 20-4@ microns in diameter
(Jones and Spring-Mills, 1283). Thus the radius of each
labule, that is the lerigth of the hepatocytic plate, is about
10-202 cells. Some differences in cellular furnction have been
noted across the lobule (Jungerman and Katz, 19823 Gebhardt
and Mecke, 1983, apparently because of environmental

differences: cells at the portal perimeter receive blocd rich



in oxygen and nutrients (and toxic products), and cells toward

the center receive the blood only after the portal cells.

The surface of the hepatocyte contains three structurally
and functionally distinct domains (Evans, 13825 Cook et al.,
1282): an inter—-hepatocytic jgunction, the bile carmalicular
membrarne, and the side facirng the sinusoidal space. Junctions
critical for tissue structure and furction are maintained
betweern the hepatocytes, and extracellular material is mast
prominent along the sirnuscidal face (Jornes and Spring-Mills,
1383). Constituents of the extracellular material include
callagens (Types I, III, IV arnd V), laminins, protecglycans
(e.g., heparan sulfate,), and fibronectin (Rogkind et al.,
198@; Diegelmarnn et al., 139833 Yamada, 19833 Reid and

Jefferson, 1584).

BIOCHEMICAL SPECIALIZATION

FProbably more cell-specific products (intracellular
erzymes and secreted proteins) are known for hepatocytes tharn
any other cell type (Jungerman and HKatz, 1382). Tissue-—
specific functions of hepatocytes include: production of serum
proteins  (e.g., albumin, transferrin, complement, blood
coagulation factors, lipoproteins); production of bile and
urinary proteins (e.g., major  urinary protein of mice)
conjugation reactions (e.g., glutathione-S-trarsferase or
ligandin) j; glucorneogernesis (e.g., phosphcoernaol pyruvate
carboxykinase); amino acid metabolism (e.g., tyrosine amino

transferase, phernylalanire hydroxylase); blood cleararce



functions (€.0., asialoglycoprotein receptor, ARshwell and

Harford, 1982), and storage of fats and glycogen.

DEVELOPMENTAL HISTORY

Production of hepatocytes in the embryo appears to
require a specific interaction between cells irn one region of
the endoderm arnd cells in one region of the mesoderm
(Houssaint, 1380; Le Douarin, 1975; Fukado-Taira, 1981). This
interaction probably requires actual contact between cell
membranes (Le Douarirn, 13975). In the mouse, hepatocytic cells
migrate out from the endoderm into the mescderm around the
ninth day of development (Theiler, 1972)3 this interactior
between endodermally—derived cells (hepatococytes) and
mesodermally—derived cells (e.Qg., endothelial cells) appears

to persist throughout the life of the organ.

The exact lineage of each cell type in the liver has been
examined (Shicjiri, 1381) but remains disputed. Some groups
suggest the continued existence in the adult organ of a stem
cell that can produce biliary cells as well as hepatocytes
(Grisham, 1979). Similarly, the actual number of steps or
stages inveolved in the production of hepatocytes is rcot  well
defined. Examinations of cells early in the formation of the
liver, for example, often rely on the hepatccyte’s ability to
produce alpha-fetoprotein (Houssaint, 198w; Shiogiri, 1981).
Although production of this proteirn is essentially restricted
to the liver in normal adults, this and other "liver-specific"

proteins like serum albumin may be produced at cother locaticons



in the embryc (Dziadek and Andrews, 1383).

There is little evidence, however, for a complex series
of inductions or stages in the development of hepatocytes, as
is seer with tissues like the blood or the brain. Hepatocytes
appear to assume their fundamental qualitative characteristics
shortly after tissue induction. The guantitative aspects of
tissue-specific function may be amplified as development
proceeds (see Chapter 7), and hormone— or nutritiorn—dependent
liver-specific functions (Greengard, 13€9; 1975) may not be
prominent uwuntil the appropriate envirorment exists. Alsc,
differences in isozyme patterns have been observed for liver
cells in the fetus compared to cells in the adult liver
(Guguern—Guillouzo and Guillouzo, 12983). Critical charnges in
the hormornal and rutritional environment occur shortly before

birth and at weaning (Greerngard, 1969, 1379).

Ore other aspect of the developing liver should be rnoted:
the liver is the primary site of hematopoiesis in the fetus.
Develaping blocd cells first colonize the liver arcund. the
twelfth day of gestation in the mouse (Houssaint, 138@) and
constitute abocut S@% of the number of cells in the liver
through the rest of fetal development, with hepatocytes
constituting abocut 3@% of the total cell rnumber until
hematopoietic colonies decrease after birth (Silini et al.,

19675 Paul et al., 1969).



PRIMARY CULTURE

To isnolate cells from the intact tissue, the Junctions
between hepatocytes and between hepatocytes and the
extracellular matrix must be broken. Techniques for doing
this efficiently with rat liver evolved in the late 196@’s and
early 1372's (Howard et al., 19673 Berry and Friend, 1969) and
culminated in the simple two-step perfusion scheme of Seglen
(1976). Livers were briefly perfused with an EDTR solution to
chelate the divalent cations responsible for tight jJjunctions
and other contacts, and then perfused with a solution of
collagenase to digest the extracellular matrix. Low-speed
centrifugation of the resulting cell suspension was found to
yield a population highly enriched in hepatocytes, which are
considerably larger tharn other non—parenchymal cells. Similar
approaches were also found to work with mouse livers (Klaunig,

et al., 13281la).

For subsequent culture of isclated hepatocytes, a number
of media and substrates have been described (for reviews, see
Grisham, 1979; Fitot and Sirica, 19823 Harris and Cornell,
1983). Typically, insulin, hydrocortisone and fetal calf serum
are added to Eagle’s medium or a subsequent modification
(Dulbecco’s, Williams, Ham’s). Serum—-free media have recently
been devised (Enat, et al., 1984). Cells may be plated on
ardinary tissue-culture plastic, on collagen substrates or
floating gels (e.g., Michalopaulcous and Pitot, 1975), on more
complex  extracellular matrix preparations (Rogkind, et al.,

19282), or in some cases they may be maintained in suspension

1@



(Jeejeebhoy, 1276).

Regardless of the method of cell preparation and culture,
however, the gerneral observatiorn has been that cultured
hepatocytes suffer a quantitative decrease in tissue—-specific
function after a few days (FPitot and Sirica, 198@2). Functions
kriowr to decline include a&albumir product iar, glycogen
synthesis, some  enzymes of the urea cycle, synthesis and
secretion of alpha-2—-mu—-glabulir, cytochrame F—45@
inducibility, and tyrosine amino transferase inducibility
(Fitot and Sirica, 198@2; Michaloupoulous and Fitot, 19755

Newmar and Guzeliarn, 13982).

Also, cultured hepatocytes have a very low rate of cell
divisiorn, despite the fact that cells in the liver are capable
of dividing rapidly at least once or twice to regenerate lost
tissue (Fitot and Sirica, 1382). At least two groups have
reported culture media and techrnigues that are supposed to
result  in sustained cell division in cultured hepatocytes

Leffert et al., 19775 Enat, et al., 1984), but these results
have beer controversial. Some techniques have been reported
which are supposed to enharnce other tissue-specific functions
in cultured hepatocytes (e.g., Michalopouleous and Pitot, 1975;
Rogkind, et al., 1282). The mecharnisms by which these
enhancements ccour have not beern examined, and in few if any
cases has it been possible to compare the level of  improved
functicn to the level of furnction seen in the rnormal cell in

its riormal envirormernt. Work described later in this thesis
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will address some of these points.

HEFATOMA CELL LINES

In addition to perturbing cells physically by alterirg
their envirorment, cne might hope to perturb cells genetically
through the techniques of somatic cell genetics. However,
these techniques require cells that can be growrn in culture
for long pericds of  time. As described above, riormal

hepatocytes do not seem to have this capability.

However, clonal cell lines have been isclated from
hepatomas that do grow in culture, and in some cases some
level of liver—-specific furction has been found to be retained
(Fitot and Sirica, 198@, Deschatrette and Weiss, 1374).
Working with such cell lines, Mary Weiss and her colleagues
have produced evidence for underlying coordirnate control of
multiple tissue-specific furnctions in these cultured cells.
For example, cell lires can be selected which no  longer
produce  the two liver-specific erizymes central to the ability
of normal hepatocytes to synthesize glucose (Bertcoclotti,
1977a5 1977b). Lass of the ability to grow without glucose is
accompanied by the loss of other liver functions (e.g., Serum
albumin production) in these variarnt cell lines (Moore and
Weiss, 1982). When "revertant" cell lires are then selected
for their ability to grow in glucose-free medium, many or all
of these other liver functicons are regained (Deschatrette et
al., 1981). Other experiments using cell hybridization

techniques (reviewed in Weiss, 1982) have shown that when



ngifferentiated" hepatoma cell lires are fused with '"non-
differentiated" cell lines, some liver—specific functions are
"extinguished, " suggesting the existence of diffusable factors
involved in the coordinate control of liver—-specific geres
expression (Mevel-Ninio ard Weiss, 1981; Weiss, 1983 Killary

and Fournier, 1984).

However, a quantitative comparison of liver furiction in
these cultured cells and in normal liver cells has never been
made. Nor has the biochemical level of contral, much less the
molecular mechanisms involved, beenn established for the
observed changes in functicon. An investigaticn of these issues

is presented in Chapter 6.

mRNA METABOLISM

The experimerntal advantages of the liver as a subgject for
a molecular analysis of tissue-specific gene control  were
recognized by Derman et al. (1381), who isclated a series of
eleven distinct cDNA-containing plasmids which hybridized to
liver RNA but not to RNA from brain or a cultured cell lirne.
They considered these plasmids, and their complementary mRNAs,
"liver-specific," therefore. A later analysis by Fowell et al.
(1984) found that these same mRNAs were alsac greatly reduced

in concentration in the spleen, the kidriey and several other

tissues as well.

To establish the biocchemical level of conmtrol over these

eleven liver—specific mRNAs, Derman et al. (1981) employed an

-
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assay of instantanecus transcription rate to compare
transcripticon of these mRNAs in liver and in brain. The assay
ire ~lved elongation of nascent transcripts in isclated nuclel
from the two tissues in the presence of alpha-3Zp-labeled UTF.
The amount of UTP incorporated into each RNAR  should  be
proportional to its relative rate of transcription at the time
of ruclear isclatior. By hybridizing the labeled rnuclear RNA
to excess amounts of the various plasmid DNA praobes (including
control plasmids that hybridized to "commor" mRNAs with a wide
tissue distributiaon) followed by scintillation counting,
Derman et al. were able to obtain a gquantitative value for the
differential transcription rate of the mRNAS complementary to
the varicus cDNA probes in liver and in  brairn. (A control
experiment compared this approach with a pulse label of intact
cells, scoring for production of several commoni mRNAs, and
found the two techniques to be in agreement. There are several
technical advantages to arn assay based an isclated nuclei
instead of intact cells, not the least of whiéh is the ability

to measure transcription rates in fresh, intact tissues.)

The result was that brain and cultured cell nuclei were
found to transcribe all elevern liver—-specific mRNAs at rates
at least O5@- to 12@0-fold below the rates found in  liver
riuclei. Derman et al. concluded that quantitative regulation
aover these liver-specific mRNAs must reside privcipally at the
level of transcription, since post-transcriptional levels
(processing or cytoplasmic stability) did rnot need to  bhe

invoked to explain the large differerces in mRNA corncentraticn
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in the three tissues.

These results were replicated and extended in the study
by Powell, et al. (1984). Again, the transcription of liver-—
specific genes was found to be low in brain, and in kidney and

spleen as well.

Using the same panel of liver-specific cDNA probes,
Friedmar, et al. (1984) found no evidence for significant
changes in transcription rate or abundance of most liver—
specific mRNAs in the regenerating liver. However,

substantial chariges irn mRNAs for cytoskeletal elements (actin

arnd tubulin) were observed, apparently mediated largely at a
post—transcriptional level. Other examples of post-—
transcriptionally-mediated changes in these mRNARAs in liver

cells were described in Fowell, et al. (1984), and in work

presented in this thesis.

Gerneral charnges in liver—specific mRNA metabolism in the
developing liver have been examined by Fowell, et al. (1984)
and by BRarth, et al. (1982). The general conclusion has been
that most liver—-specific mRNAs increase in concentration from
low to moderate levels to near-adult levels during the last
few days of development. Some particular mRNAs appear to be
virtually absent in the liver before birth. These results are
consistent with observations of protein and enzyme levels in
the fetal liver, discussed earlier. Additionally, Fowell et
al. (1984) measured the trarnscription as well as corncentration

of liver-specific genes in the developing liver, and found a
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general correspondence between transcription rate arnd
concentration for various mRNAs. However, in two cases (mRNAs
complementary to plivS-7 and plivS-8) the mRNAs were absent
from the fetal liver despite a transcriptional signal
equivalent to the adult, raising the possibility that these
mRNAs might be regulated in development at a post—

transcriptional level.

Ir additiorn to these irnvestigatiorns of coordinate control
of liver-specific mRNAs, a number of laboratories have focused
orn individual liver—specific mRNAs, including those encoding
albumin (Kioussis et al., 19813 Sargent, et al., 1981; Muglia
and Locker, 1884), alpha-fetoprotein (Kioussis et al., 1981;
Tilghman and Belayew, 1382), phenylalanine hydroxylase
(Robsorn, et al., 1282y, tyrasine amino transferase (Grarnner
and Hargrove, 1983, tryptophan oxygenase (Schmid et al.,
1982), major wrinary protein (Knopf, et al, 1984; Shahar and
Derman, 1984) ; phosphoernclpyruvate carboxykinase (Yoo-Warren,
1983) glutathiore-S-transferase (Kalinyak and Taylor, i28zy,
antithrombin III (Stackhouse et al., 19829, complement
proteins (Carrocl and Porter, i382), and several others

(Costanzo et al., 1983).

WHAT MAKES LIVER MAKE LIVER-SPECIFIC mRNA?

The fundamental question addressed by this thesis tabove)

can be broken into two components, based on the information
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reviewed so far:
- what makes adult liver cells trarnscribe liver-specific
mRNAs at a high rate?
- what makes fetal liver cells begin to make liver-—

specific mRNA in the first place?

The majgority of this thesis will address the first question.
The first issue that must be established 1is whether adult
liver cells transcribe liver—-specific mRNAs at a high rate
because of some internal, autonomaous and permarent
madification (for example, modification of DNA), or whether
transcription depends on some external signal or set of
conditions (for example, appropriate hormornes or cell-cell
caontacts). This 1issue 1is resoclved in this thesis waork By
examivning liver—-specific mRNA production in primary cultures

of rnormal hepatcocytes.

The second question (why does a liver cell begin to make
liver—-specific mRNA in the first place?) is more difficult to
explore, for the reasons given in the first few paragraphs.
However, interesting parallels exist betweer the behavior of
fetal liver cells and certain cultured hepatcoma cell lires.
In this work, the behavior of these cell lires is explored at
a molecular level (usirng clored cDNAs), and infererces are
drawn about the possible molecular mechanisms of control in

the normal developing liver cell.

The author hopes that this work may contribute in scome

way to an everntual understanding of the processes of cell
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differentiation and tissue-specific gere control.
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CHAPTER TWO

MATERIALS AND METHODS

BACTERIAL STRAINS, CULTURES AND PLASMIDS

The following bacterial strains and techniques used for
manipulating recombinant cDNA-containing plasmids are all
fully described in Maniatis et al. (19808). Bacterial strains
used for preparation of plasmid DNAs included HEi@1l, RR1, and
CEQ@. Strains were stored at —-20°C or -78°C in LB medium
containing 15-5@0% glycerol. Bacteria were cultured in M9 or
LB medium, and transformed with plasmid DNAs by the calcium
chloride procedure, followed by selection on agar plates
containing appropriate antibiotics. Plasmid DNRs were
prepared from single colonies or frozen stocks, following
amplification with chloramphenicol, typically by alkaline
lysis. Flasmid DNAs were purified by centrifugation through
cesium chloride gradients in the presence of ethidium
bromide. Integrity and identity of plasmid DNAs were
monitored by digesting samples with appropriate restriction
enzymes to release cDNR inserts, followed by electrophoresis
through 1-1.5% agarose gels in .24 M Tris—-acetate, .002 M
EDTA, containing ethidium bromide for detection under
ultraviolet illumination; cDNA insert sizes were estimated by
comparison with the digestion patterns of known standards.
Concentrations of plasmid DNAs and protein contaminants were

estimated by measuring the absorbance at 26@ nm and 280 nm,
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respectively. DNA samples were typically stored under

refrigeration in 1@ mM Tris (pH 7.4), 1 mM EDTA.

Plasmid DNAs used in these experiments are described in

Tables 1| and 2.
ISOLATION OF HEPATOCYTES

Adult male CS57/B& mice (Charles River Breeding
Laboratories, Inc.) were injected intraperitoneally with an
8:1 mixture of rnembutal (5@ mg/ml, Abbott Laboratories) and
heparin (1@0@ U/ml, Riker Laboratories). After an alcohol
wash, a midline ventral incision was made with sterile
scissors, and a sterile Teflon cannula was inserted through
the right ventricle into the inferior vena cava. The portal
vein was cut as perfusion was begun with & sterile wash
salutiorn  (HEH) of Hank's salts, EDTA, and Hepes buffer at
37°C [HEH (per liter): 4@@2 mg KCl, 6@ mg KH2P0O4, 8020 mg
NaCl, 9@ mg Na2HPO4-7H20, 100@ mg dextrose, 17 mg phenol red,
1@ mM EDTA, S mM Hepes (pH 7.3)1]. A ligature around the
inferior vena cava below the liver was tightened, and the /
flow rate was increased to ca. 7 ml/min and continued for a
total of 4 min. The HEH wash solution was then replaced by a
prewarmed and filtered sclution of collagenase (10@ units/ml,
Class II, Worthington Diagrostics) in Dulbecco’s modified
essential medium with glucose at 4,5@@ mg/liter (DMEM) (GIBCO
Laboratories). Perfusion was continued for about 7 min or
until 5@ ml of the collagenase scolution had been used. This

procedure was carried out under a 40-W lamp, and the liver

m
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was maintaired at about 3@°C. Perfused livers were cut out,
rinsed in warm DMEM and gently agitated with forceps to
release cells. Cells were counted and tested for viability
by staining with @.45% trypan blue in phosphate-buf fered
saline or DMEM. Typically, y108 total cells were obtained in
the original suspernsion, and 6@-80% of these were large,

nonstaining hepatocytic cells.

Cells were released if the initial perfusion with HEH
was omitted, but with lower viablity and yield (about 40%
viability of 7 x 127 cells). Where appropriate (Chapter 4,
Table 6) other constituents (insulin, hydrocort isone,
testosterone, cycloheximide, concanavalin A, demecolcine,
cytochalasin B) were added at the corncentrations used in cell

culture to the perfusate or to the initial cell suspension.

Hepatocytes were released from the liver without wusing
collagenase by perfusion typically for one hour with the HEH
solution described above. Flow rate was maintained at 7
ml/min with a peristaltic pump and temperature at 37°C, and a
mixture of 95% Oz and 5% COz was bubbled slowly through the
perfusate reservoir. After dispersion and centrifugation,
the cells from one liver were resuspended in the perfusing
solution (12 ml) followed by addition of 13.7 ml iso-osmotic
Fercaoll  (Pharmacia) (made by adding 1 part 1.5 M NaCl to 9
parts Percoll), to result in a solution density of 1.@7 g/ml.
The suspension was centrifuged at room temperature for 3@

min. (150@ xg) to yield a pellet of approximately 3 x 107
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cells () 95% viable by trypan blue exclusion).

Fetal liver cells were liberated by incubating minced
fetal livers in the collagenase solution used to 1isolate
hepatocytes (above) at 37°9C for about one hour, with several

changes.

CULTURE OF HEPRTOCYTES

Cell suspensions were centrifuged for 3 min at 5@ x g to
pellet the hepatocytes. Cells were suspended in an
appropriate volume of culture medium (below) and plated on
152 mm (Falcon) or 120 mm (Nunc) plastic tissue culture
dishes or (as indicated in Table &) on bacterial petri dishes
covered with biomatrix substrate (Enat, et al., 198435 Reid et
al., 1384) that were prepared and provided by Lola Reid and
Doug Jefferson. Cells were routinely plated at a density of
Ex10%4 / cme. This density was found to be nearly saturating
for the attachment of viable cells and resulted in the
attachment of few dead cells. The medium was charnged at 2
hours with a single rinse, allowing for the removal of dead
and unattached cells (viable cells attached within this
time). Under standard culture conditions, cells in 15@ mm
plates were maintained under 12-15 ml of medium, with changes
of medium every 1-2 days. Cultures were maintained in
humidified incubators (5% COz2 in air) or under a humidified
atmosphere of 5% COz in Oz, at 37°C. For suspension cultures,
hepatcocytes were placed in Erlenmeyer flasks on a rotary

shaker (50-18@ rpm) at 37°C under an atmosphere of 5% Coa,
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95% Og.
HEPATOCYTE CULTURE MEDIA AND ADDITIVES

For standard or "basal" culture conditions cells were
cultured in Dulbecco’s minimal essential medium with insulin
("Iletin I," Eli Lilly) and hydrocortisone sodium succinate
("Solu-Cortef," Upjgochn) added at 1@ mg/L each, heat-
inactivated fetal bovine serum (Sterile Systems) added to
10%, and gentamicin (Schering) added to 5@ mg/L. In early
experiments, inosirne (GIBCO Laboratories) at 10 mg/L and 0.2%
bavine serum albumin (Miles Laboratories, Inc.) were also

added, and penicillin and streptomycin (10@ U/liter) were

used instead of gentamicin, but these were found to have no
detectable effect on the cultures. Non—heat—inactivated
serum also had nrno different effect on cultures or

transcription.

Alterations of the standard medium described in Chapter
4 involved the following components: horse serum (Sterile
Systems) at 1@%, testosterone (Sigma) at 1076 - 1977 M,
epidermal growth factor (Sigma) at & mg/L, glucagon (Sigma)
at 1@ mg/L, all-trans retincic acid (Eastman) at 107 M,
Dimethyl sulfaxide (DMSO, Sigma) at 1.5%, dibutyryl cyclic
AMP  (Sigma) at 104 - 1@-3 M, sodium butyrate at S mm,
cycloheximide (Sigma) at 22 mg/L, concanavalin AR (Calbiochem)
at &5 mg/L, CaCl2 at & mM, A23187 (Calbiochem) at 1 mg/L with
DMSO at 1.5%, sodium ortho-vanadate at 1@ mcM, cytochalasin

B (Sigma) at & x 1@ 95 M plus @.5% DMSO, demecolcine (Sigma)
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at 1 mcM. The hormonally defined medium of Enat et al.
(1984) was provided by Lola Reid and Doug Jefferson, and
contains the following: RPMI medium with 122 U/ml penicillin,
120 mcg/ml streptomycin, insulin (265 mU/ml), glucagon (1@
mcg/ml), epidermal growth factor (5@ mcg/ml), prolactin (2
mU/ml), human growth hormone (1@ mcU/ml), linoleic acid (S5
mcg/ml  with delipidated BSA, 1 mcg/ml), copper (107 M),
selenium (3 x 10-1@ M), and zinc (5 x 10-11 M), Arginine—
free ornithine supplemented "basal medium" of Leffert et al.
(1977) and Williams D medium were obtained from Gibco and
were supplemented as described for basal medium aboves
arginine—-free medium was rot changed after cell initial cell
attachment and rinsing (Leffert, et al., 1977). Hepatocytes
were infected with Adenovirus S by addition to the medium of
See@ particles/cell after 36 hours in culture (this resulted
in cell death about 2 days later, and transcription of the
E1A gene was robust by 6 hours post—-infection). Liver
extract was prepared by polytron homogenization in the cald
of adult mouse livers in Dulbecco’s minimal essential medium
and clarification by centrifugation (5 min at 1000 xg)
supernatants were prepared from a total of 6 livers in 3
installments over 24 hours, and added immediately to the

culture medium (36 ml) of 3 x 1@7 hepatocytes (about 1/3 of

one liver).
CO-CULTURE OF HEPATOCYTES WITH OTHER CELL TYPES

Rat liver epithelial cells were provided by C. Guguen-
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Guillouzo and co-cultured with mouse hepatocytes as described
(Guguen—Guillouzeo, et al., 1983). Bovine acortic endothelial
cells were provided by Eric Jaffe and seeded at a 1:1 ratio
snto attached hepatocytes after 2 h in culture. Mouse liver
non-parenchymal cells were centrifuged at a high speed (50@xg
forr 1@ min.) from the supernatant after freshly dissociated
hepatocytes had been pelleted at low speed, yielding about 3
x 127 non—-parenchymal cells from 1 mouse liver; 1-10 times as

many non-parenchymal cells were plated along with fresh

hepatccytes.

LIVER SLICE FREPARATION AND CULTURE

Livers to be sliced were first perfused with about 20 ml
of Dulbecco’s modified essential medium or with basal culture
medium (above). Liver lobes were arranged flat side down on
the chopping platform of the Mcllwain Tissue Chopper
(Brinkman), and were cut twice at right angles. Although a
slicing thickness of @.325 mm was usually used, thickness
could be varied between @.150-0.458 mm with negligible
consistent effect on specific gene transcription. Reengaged
livers (preparation described in text) were cut at a
thickness of @.45@ mm, although the resulting fragments were
approximately @.20@ mm in diameter. Newly prepared slices
were separated from one another by pipetting in basal medium,
and were washed in several changes of basal medium before
culturing bepgan. Slices from cne liver or equivalent were

pPlaced in twa S@2 ml Erlermeyer flasks with 7@-10@ ml each. A
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constant  stream of the humidified gas mixture was introduced
into the flasks throughout the culture period. The rotary
shaking rate was adjusted (usually 7@-80 rpm) so the slices
spread evenly or formed a slowly revolving ring at the bottom
of the flask (clumping in the middle and washing up on the
side was avoided). Medium was changed first at 2 hours and
typically every 4-8 hours there:zter, by gravity
sedimentation in the culture flasks and aspiration of the

supernatant.

HEPATOMA CELL LINES AND CULTURE CONDITIONS

Mouse hepatoma clone BW1I-J was derived from line EW1
(Peterson and Weiss, 1972). All other cell lines are clonal
descendants of line H4IIEC3 (Pitot et al., 1964) derived from
the Reuber H35 hepatoma of rat (Reuber, 1961)3; details
concerning their isolation and properties are found in
refererces cited in Chapter 6. Cultures grown in the
laboratory of M. Weiss were cultured in 1@ cm Falcon petri
dishes in modified (Coon and Weiss, 1969) Ham’s Fl12 medium
(Ham, 1365) supplemented with 5% fetal calf serum and 10@
U/liter each penicillin and streptomycin, under 7% COz at
27°C. Cells grown by the author were cultured in 1@ or 15 cm
Falcon tissue culture dishes wunder 5% CO2 in a similar
medium: Ham’s F12 medium supplemented with @.5X MEM Aminoc
Acids (GIBCO Laboratories), 5% fetal calf serum and
geritamicin (5@ mg/liter). No significant differerices in RNA

profiles were observed in cells cultured either way. Cells
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were detached for transfer and harvest with a saline salutian

containing @.@5% trypsin and @.@2% EDTA (GIBCO Laboratories).

METAROLIC LABELING OF RNA AND PROTEIN IN INTACT CELLS

For assay of protein synthesis rate, the medium from 1@
cm  monolayer cultures or slice cultures in S@ ml  Erlernmeyer
flasks was replaced with a small volume of methionine—free
medium (Joklik modification; GIBCO Laboratories) supplemented
with 1@ mcCi/ml of 35S-methicocnine (New Erigland Nuclear Corp.)
and the additives described for standard culture medium.
After 3@ min., cells were washed several times ther collected
in ice-cold phosphate-buffered saline and scrnicated briefly;
proteirn was precipitated fraom samples in 10% trichlorocacetic
acid, collected, washed on glass fiber filters, and counted
in scintillation fluid. RNA labeling was similar, except that
3H-uridine (New England Nuclear Corp) was dried under wvacuum
and added to the standard culture medium at 1@ mcCi/ml. RNA
was bound to DE8B1 filters (Whatman), washed several times in
S% dibasic scdium phosphate-2@ mM  sodium pyrophosphate,
rinsed, dried and counted in scintillant. Total protein was

determined with the Bio—-Rad protein assay (Bio—Rad

Laboratories).

Ta label proteins in cells for two-dimensicnal
electrophoresis, 35S-methicnine was added to methionine—free
medium (above) at 100-2Q@ mcCi/ml; cells were washed and
lysed in sclution A of O'Farrell (1975). Livers in mice were

labeled by intraperitoneal injection of 1-2 mCi of 39—

)
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methionine.

To label RNA in cells for filter hybridization analysis
of specific mRNRAs, 3H-uridine was added to standard culture

medium at 40@ mcCi/ml.

POLYACRYLAMIDE GEL ANALYSIS OF PROTEINS IN CELL EXTRACTS

The EZ& protein of Ad-5 was detected in acetone-—
precipitated sonic extracts of 355-methione labelled
hepatocytes 6—12 hours after infection, by immunoblotting

(Feldman et al., 1382).

Norn—equilibrium two-dimensional gel electraophoresis
(isoelectric focusing range: pH 3-10; 10% acrylamide running
gel in second dimension) of labelled proteins from livers and
hepatocyte cultures were performed as described (Q'Farrell,

et al., 19775 0O’Farrell, 1975).

ISOLATION OF RNA FROM CELLS AND TISSUES

In experiments in Chapter 3, RNA was isolated from whole
liver polytron homogenates and scraped cultured cells by
phenol extraction. In Chapter 6, RNA was isclated from whole
rat livers by the guanidinium/precipitation method, and from
cultured cells by the guanidinium/cesium chloride method.

PHENOL EXTRACTION: Cells and tissues were homogeni:zed
in a buffer of S@ mM sodium acetate - 1@ mM EDTR - 2.5 %

sodium dodecyl sulfate (pH 5.1) plus two volumes of phenol-
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chloroform - iscamyl alccocheol (12:12:1). After 3-5 extractions
with phenol-chloroform-iscamyl alcohol at 65°C, RNA was
precipitated at —-2@°C by addition of @.2 M NaCl and & volumes
ethanol.

GUANIDINIUM/PRECIPITATION METHOD (Chirgwin, et al.,
1979): Livers were polytron homogenized in a buffer made by
mixing and dissclving (per 99 ml) S ml 1.@ M lithium citrate,
ec g guanidinium thioncyanate (Fluka), a.7 ml -
mercaptoethancol, followed by adding 1 ml 1@% lithium dodecyl
sulfate (BDH) and filtering. Approximately 1@ ml of this
solution were used per gram of tissue. Homogenates were
mixed with @.25 volumes 1M acetic acid and 1 volume 995%
ethanal, chilled at -2@°C and centrifuged 3@ minutes at S00A
rpm  in a Beckman JS13 rotor at -5 to @°C. Pellets were
resuspended in one half the previous volume, in a filtered
solution of 7.5 M guanidinium hydrochloride (Schwarz Mann),
25 mM lithium citrate and 1 mM dithiothreotol; @.025 volumes
acetic acid and 8.5 volumes etharnol were added, followed by
chilling at -2@°C and centrifugation. After several cycles
of resuspension and precipitation, the pellet was washed in
95% ethancl, extracted with chloroform—4% iscamyl alcohol,
and ethanol precipitated.

GUANIDINIUM/CESIUM CHLORIDE METHOD: The exact procedure
is described in detail in Maniatis et al. (1982). Briefly,
cells were resuspended in S volumes of 6M guanidinium
isothiocyanate, S5 mM sodium citrate (pH 7.@), @.1 M 2-
mercaptoethancl, and @.5% Sarkosyl. 1 gram cesium chloride

per 2.5 ml homogenate was added, and the homogenate was
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layered onto a 5.7 M CsCl1 cushion, followed by
ultracentrifugation to pellet the RNA. After organic

extraction, the RNA was ethanol precipitated.

For preparation of poly(R)+ RNA, selection on
oligodeoxythymidylate columns (Collaborative Research) was

used, as described in Maniatis et al., 1982.

RNA coricentrations were estimated by measuring optical

density at 260 rnm.

NORTHERN BLOT ANALYSIS OF RNA CONCENTRATION

Equal amounts of RNA samples to be compared were
denatured at 6&5°C, S minutes, in S@% formamide, &%
formaldehyde, ix BE buffer (20x is @.4 M borate, pH 8.3 and

2@ wmM EDTA), S% glycercl, with trace amounts of brompherol

blue and Xxylene cyanol included as markers for
electrophoresis. Samples were loaded onto horizontal agarose
gels containing: 1x BE buffer, 1.5% agarose (Seakem), 2.8%

formaldehyde (16.6 ml 37% formaldehyde added to 20@ ml), and
2.5 mg/L ethidium bromide for uv detection of ribosomal RNA
wheri total RNAs were used. After electrophoresis in 1x BE and
1.853% formaldehyde (120-30@ volts, until bromphenol blue
reached the bottom of the gel), gels were placed under
nitrocellulose that had been scaked in 2@ X SSC (1x is @.15 M
NaCl plus @.@215 M sodium citrate) in a "Southern blot"
arrangement (Scouthern, 1975). After transfer overnight, blots

were baked for 2-4 hours at 80°C in a vacuum oven. Blots were
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pre—-hybridized in sealed plastic bags in a solution of Sx
SS8C, ix Derhardt's solution (5@x, per liter: 1@ g Ficoll, 1@
g polyvinylpyraolidone, 1@ g bovine serum albumir), S& mcg/ml
yeast tRNA and 5@ mcg/ml denatured (1002C) salmon—-sperm DNR,
for 2 hours at 635°C. Plasmid DNAs were nick-translated
(Rigby, et al. 1977; Maniatis et al., 1982) using 3EZF-dCTP
(New Eriglarnd Nuclear Corp.) to a specific activity of at
least 128 cpm/mcg and purified by ethancol precipitation;
plasmid DNAs were denatured at 1@0@2°C, and about 5@, 2
cpm/ml was added to a small volume of the hybridization
solution, otherwise the same as the prehybridization
socolution. After hybridization for 18 h at 652C with shaking,
filters were washed in 2x S8C plus @.2% SDS at 65%C, then in
2. 2x 58C plus @.2% SDS at S@°C, and thern autocradicgraphed. In
some cases filters were re—-hybridized to a second probe after
washing for 3@ min in @.1x SSC at 202C to remove the previous

prabe.

DOT HYBRID ASSAY OF SPECIFIC MRNAR TRANSCRIFTION RATES

To measure the rate of transcription of specific geres
in different populations of cells, I isclated nuclei from the
cells and allowed previously initiated RNA to elongate in
these nruclei in the preserice of radiclabelled UTF (details
given below). Under the conditions used, the amount of
radiolabelled UTF incorporated into RNA is proportional to
the number of polymerases active on each primary

trarscription unit at the time of riuclear isclaticon (Darnell,
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1982). In experiments conducted by myself (not shown) and
others (e.g., Derman et al., 19815 reviewed in Darnell,
1982), this method of measuring transcription rate has been
found to give similar results to methods based on pulse label

of intact cells.

Equal amounts of radiolabelled RNA from the different
samples of rnuclei were hybridized to dots of liver-specific
and commori cDNA-containing plasmid DNAs, followed by
autoradiographic detection and densitometric quantitation of
RNAse-resistant hybrids. The relative amount of
trarnscriptional activity devoted to each liver—-specific gens
could thus be compared, both between different samples and ta

the relatively constant transcription of the common gernes.

The quantitative accuwracy of this assay 1is dependent
upon two factors: first, plasmid DNA probes should be in
sufficient excess to their complementary RNAs so that the
amcunt of each RNA hybridized will be directly proportional
to its concentration in the hybridization solution. Second,
the density of the autoradiographic image on film should be
in direct proportion to the product of radicactive signal
intensity and exposure times. The experiment shown in Figure
1 and Table 3 shows that both of these conditions are met for
the procedures I have used. Two different amounts of
rascent-labelled mouse rnuclear RNA were hybridized to filters
containing plasmid dots (Tables 1 and 2) representing the

full range of signal intensities encountered in these



experiments. Decreasing the amount of RNA rcrmally used in a
hybridization by a factor of about five (4.73) resulted in an
equivalent decrease in signal intensity for all the plasmids
(Table 3). Thus, the hybridization signal varied lirnearly
with the amount of RNA in soclution, acraoss a range of
cancentrations. When the exposure time of the filter fraom
the hybridization reaction with lower input (Fig. iC) was
increased by about fivefold the autoradiographic image was
indistinguishable from that obtaivied with the approximately
fivefald higher input of RNA and short exposure (Figure 1R).
The weakest signal that could be read with confiderice at the
lowest exposure (Figure 1RA) was about 1/20 of the strongest
and since the strongest signal ircreased proportionately with
a fivefold increase in exposure time (Figure 1C) I was able
to aobtain a linear measure of signal internsities over a range
of at least a hundred-fold. The only significant departures
from linearity were observed with very weak hybridization

signals in very short exposures (for example, probes § and &

in the low irnput/short exposure combination gave N
detectable autocradiographic signal, see Table 3). Far
densitometric analysis of very low signals, therefore,

exposures were always used in which the sigrnal for pBR3Z2E,
representing the background of rion—specific hybridization,
was clearly detectable. As shown in Table 3, errors of +4-—
11% were estimated in measurements of moderately to internsely
transcribed genes (plivS 1-4 and 9, albumin, tRNA) and errcors
of up to +30% for genes giving weak trarnscriptional signals

(actin, alpha-tubulin).
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Table 1: Plasmids Encoding Liver—-Specific mRNAs.

Abbre- Encoded Product Source Designa- Doror
viation ticn or Ref.
1 major urinary mouse plivS-1 Dermarn, et
protein al., 1981
2 unknown mouse plivS-2 "
3 a-l—-antitrypsin mouse plivs—-3 "
4 uriknown mouse plivS-4 "
S unknown mouse plivsS-5 "
& transferrin or mouse plivS-6 "
related
7 unknowr mouse plivS-7 "
a8 unknown mouse plivS-8 "
9 unknown mouse plivs-9 "
10 uriknown mouse plivS—-1@ "
i1 unkriown mouse plivS—1i@ "
Al serum albumin mouse pmalb& Kioussis,
et al., 1981
aFp alpha—-feto- mouse paFPz "
protein
Al serum albumin rat pRS7 J. Sala-Trepat
PH phenylalanine rat prPH98 Robson et al.
hydroxylase 198z
PC FepCk rat pFCkz Yoo—-Warren et
al., 1983
Tf transferrin rat - J. Jaggenvik
Lo ligandin rat pGST94 Kalinyak and
Taylor, 1382
Rl1l, Al2 albumin geromic JB, C Sargent et
Al3, Al4 subclones rat B and D al, 1981
Abbreviations as used in keys to figures. Erncoded products

of plivS-3 and plivS-6 were recently identified (Darrell et

al., manuscripts in preparation).
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Table 2: Flasmids Encoding Commornn RNAs and Control Plasmids.

Abbre— Evicoded Product Source Designa- Doror

viation tion or Ref.

p (vector) - pBR32Z S

AL (genomic sub-— rat JC Sargent et
clove upstream al., 1981

from albumin)

Ac beta-actin chicken pAl Cleveland,
et al., 1981

aT alpha-tubulin rat . FP. Sharp

bT beta-tubulin rat — N. Cowan

A uriknown Chi- pCHO-A Harpold et
nese al., 1979
Hamster

B " " pCHO-R "

c " " pCHO-C "

E " " pCHO-E "

F " " pCHO-F "

tR tRNA-arginine X. pyH48 D. Brownr
laevis

tMm tRNA-methionine " pXatmet1 "

288 288 rRNA mouse - N. Arnheim

Abbreviations as used in keys to figures.

33



Figure 1. Linearity of Transcription Assay for Variations in

RNA Irnput and Autoradicgraphic Exposure Time.

Flasmid DNAs were dotted on nitrocellulose filters and
hybridized to nascent—labelled RNA from mouse liver nuclei
prepared by tissue slicing and Dounce haomogenization
(Materials and Methods). Autoradiographs of the filters
following hybridization and washing are shown. Two
hybridizations were performed with different inputs of the
same labelled RNA sample, and two exposures of the filters to
pre—flashed X-ray film were taken to result 1w the four
images shown. A and C: 2.5 x 126 cpm of labelled nruclear
RNA was hybridized to the filter. B and D: 11.8 x 126 cpm
of labelled nuclear RNA (egquivalent to that isclated from /3
of one liver) was hybridized to the filter. The "1x" exposure
(A and B) was for 3.8 hours, and the "Sx" (4.73) expasure (C
and D) was for 18 houwrs. The key shows the arrangement of
plasmid DNA dots on the filters. (Table 3 gives quantitation

of these autoradiographic signals).
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Table 3: Densitometric Analysis of Autoradiographs from

Transcription Experiments (Figure 1).

Hi input Lo input Lo input Avg. Maxa
Lo exposure Hi exposure Lo exposure errar
X 4.73 (+%)

1 21.3 21.5 24.0 2. 3 4.5
= 18.8 19.8 21.8 19.9 6.9
3 13.2 13.5 14. 2 13.6 4.4
4 2.2 i.8 1.9 i.9 S5.@
5 1.7 1.8 —— —-— -
(= 1.1 1.1 L o L
9 2.6 2.4 2.4 2.9 4.0
Al 11.7 1a. 4 9.5 12.5 11
Ac S. 4 5.3 3.8 4.8 21
aT 1.6 1.5 2.9 1.3 3@
tR 23.6 23.6 27. 4 24.9 1@
P 74 2 2

The densities of dots on autoradiographs were determined by
optical scannming and integration. The rnumerical values for
the low input, low exposure combination (Figure 1A)  were
multiplied by 4.73 to give numbers comparable to the high
irnput, low exposure or low input, high exposure coambinaticns.

Signals for pliv8-5 and & were not detectable with this

combination. Many of the signals on the high input, high
exposure combination (Figure 1D) were too dark for
derisitometric measurement. Maximum error is the largest

deviation from the mean of the three measurements, expressed

as a percentage of the mean.
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The detailed protocol for the dot hybrid analysis of

transcription rate using isolated nuclei 1= given below.

ISOLATION OF NUCLEI FROM CELLS AND TISSUES

Three general methods were used to isoclate rnuclei from
cells and tissue for transcription rate aralysis. The
first method involved Dounce homogenization in a hypotonic
buffer and was used for cultured cells, cultured slices, and
slices of fresh liver (following perfusion with about 2@ ml
PBS or DMEM): after cells or tissue slices were washed
several times in ice cold PBS or DMEM, they were washed in
cold RSB (1@ mM NaCl, 12 M Tris (pH 7.4), 3.5 mM MgClgz, 14
mM 2-mercaptocethanol) and swollen for several minutes irvi RSE
(abocut 1@ volumes per tissue volume) to which Triton X-10@
was added to @.12% (for cells) or 1.8 - 8.2 % (for slices) -
After adding KC1 to 15@ mM, the tissue was homogernized in a
Dounce homogenizer (B pestle) with $-8 strokes (for slices)
or 1@-2@ strokes (for isclated cells). Nuclei were pelleted

by centrifugation (3 min at 8@Q2 xg).

The second method (Derman et al, 1381) was used
occasionally with fresh livers, ard resulted in clearer
preparations of ruclei although this had ro detectable effect
on the results of the transcriptiorn assay. Ore rinsed liver
was minced and homogenized in 1@ ml [@.32 M sucrocse, S mM
Hepes (pH 6.9), 1 mM DTT, 1 mM MgClzl with a motor  driven

Teflon pestle (about 10@@ »pm). After certrifugation (5 mir.
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at 1222 xg) the nuclear pellet was resusperded in 11 ml [=.1
M sucrcse, S mM Hepes (pH &.3), 1 mM DTT, i1 mM MgClgzl,
layered cnte 1.5 ml of the resuspensiom buffer and
centrifuged in arn SW-4@ rotor for one hour at 2@,Q@02 rpm,
40C., The pellet of riuclei was washed in @.25 M sucrose, S mM

Hepes (pH €.9), 1 mM DTT, 1 mM MgClgz.

The third was used irn some experimerts with the rat
hepatoma cells. Nuclei were prepared by resuspending washed
cell pellets in a hypertonic buffer [6@ mM KC1, 15 mM NaCl,
imM EDTR, @.15 mM spermine, .5 mM spermidine, 15 M Tris
(pH7.5), @.1 mM FMSF, B@.4 M sucrosel addirg NF-40 to Q. 4% and
diluting to @.2% with the buffer, centrifuging the cells,
resuspending in the hypertonic buffer, and homogernizing the

cell pellet in a Dounce homogenizer (B pestle).

Washed nuclei were stored in some cases by guick
freezing in a buffer containing 490% glycernol, S mM Tris (pH

8.2) 5 mM MgClgz, and @.1 mM EDTA.

FREFARATION OF NASCENT-LABELED NUCLEAR RNA

Isclated nuclei were washed in an ice— cold buffer of zZ
mM Tris (pH 8.1 at room temperature); c@d % glycerol, 142 mM
KCl, S mM mMgClg, lraM MnClz, and 14 mM E-mercaptoetharncl.
They were resuspended and incubated for 12 minutes at 3Q2C in
1-3 valumes of the same buffer (pH 7.9) but with the addition
of (a=32P) UTP (NEN @27H) to 1 mCi/ml, phosphocreatine to 1@

mM, and creatine kinase to 102 ug/ml. Nuclei were lysed by
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diluting the reaction (typically 2.3-1.@ ml) with 1.5 ml of a
high salt buffer (HSE) (@.5 M NaCl, 2.021 M Tris (pH T.4),
@.25 M MgClz, @.@@2 M CaClz) and pipetting. 20@0-40@2 units of
RNase—-free DNase (Worthington) was added and the reaction
held at rcom temperature with pipetting for about 1 minute.
SDS (to 1.5%) and EDTR (to 2@ mM) were added, and the
reaction was diluted by the additiorn of 4.5 ml of: 1@ mM
EDTA, 12 mMm Tris 8.4, 2. 5% SDS. After extracting with
phericl:chloraform:iscamyl alcohol (24:24:1) and chloroform,
RNA was precipitated twice from a large volume (6-8 ml) at -
2@0°C with yeast tRNA carrier (1@ meg/ml), @.2 M NaCl, and 2.5

volumes ethanol.

Incorporated radicactivity was measured by scintillation
counting after spotting aliquots on DE81 paper, and washing
several times (5 minutes each) first in & solution of dibasic
sodium phosphate (5@ g/L) and socdium pyrophosphate (8.9 g/L),
then in dibasic socdium phosphate (82 g/L) alorne, then briefly
once each in distilled water and 295% ethanol. Ivicorporation
of approximately 1.@ (+/- @.5) cpm/nucleus was usually
achieved with nuclei from mouse liver and slice cultures, and

higher amounts with rnuclei from monclayer cultures.

HYBRIDIZATION OF NUCLEAR RNAR TO PLASMID DNA

Recombinant plasmid DNAs were denatured by boiling for 8
min in @.1 N NaoH, 12 mM Tris, 1 mM EDTA. They were guick-—
cooled or ice and diluted 15-fold with cald 28M NaCl  (1@~9

g/liter ethidium bromide was sometimes included as a marker
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for filter preparation). Using & S6-well "dot blot" apparatus
(Schleicher and Schuell) the DNAs were applied to
nitrocellulose, pre—-wet with ExSSC. After washing 2-3 times
with 6x8SC, the filters wers baked (Kafatos et al, 137933
Thomas, 1982). A dot of plasmid vector DNA (pERZE22) was
always included as a measure of rorn—-specific hybridization.
Flters were prehybridized for two hours at 65°C in a solution
containing 2x TESS [S@ mM TES, 2@ mM NaCl, 12 mM EDTA, @.Z2%
§DS; pH to 7.43 plus 1 mg/ml yeast tRNA, 2.2% Ficoll, 2. 2%
polyvinyl-pyrraolidone, and 1.0% sodium pyraphosphate.
Labelled nuclear RNAR was resuspended in a buffer containing
2x TESS plus @.1 mg/ml tRNAR, @.Q@Q2% Ficoll, @.Q08% polyvinyl-
pyrrolidone, and @.1% sodium pyrophosphate. Samples to be
compared were brought to the same concentration of
radicactivity by adjusting sclution volumes, and 1-2 ml of
each solution was applied to a prehybridized replicate
filter. A dilution of 1 to 1002 was used for measuring 288
rRNRA in a separate hybridization. Filters were hybridized
under paraffin o©il at 65°C with rotary shaking for 35-42
hours. Filters were washed in 2x SSC at 65°C and treated for
one hour at 379C with pancreatic RNase (2.4 mcg/ml) and Ti
RNase (1@ U/ml) followed by proteinase K (5@ mcg/ml in 152 mM
NaCl, 1 mM EDTA, 1 mM Tris (pH 7.4), 1% SDS) for cne hour at

379C, with rinses (2x8SC) after each treatment.

RAUTORADIOGRAFPHY AND DENSITOMETRY

Pre-flashed (Laskey and Mills) Kodak XAR-S5 film was

»
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exposed to washed filters at -707C with intensifying screens.
After development, sigrnal intensity was measured with a
Helena Quick-Scan Jr. densitometer. In the course of
numercus experiments, the relative transcripticon rate of CHO-
B was essentially invariant in different preparations of
ncrmal  hepatocyte rnuclei from tissues or cultured cells
(unpublished observations) and I found the signal for CHO-R
to be useful as an interral standard of hybridization. Ta
compare quantitations of hybridizations using different
inputs of radicactivity, and to correct for any small
variations in hybridization conditions or specific activity
of labelled RNAs, quantitative data from dernsitometric
analysis in some experiments (Tables 29 and 128) was normalized

to set the CHO-B sigrnal equivalent in all samples.
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CHAFTER THREE

CHANGES IN LIVER-SPECIFIC COMPARED TO COMMON GENE

TRANSCRIPTION DURING PRIMARY CULTURE OF MOUSE HERPRTOCYTES.

If mature liver cells are autonomously and irreversibly
determined to transcribe liver-specific mRNAs at a high rate,
exposing the cells to altered environments should have
minimal effect on the differential transcription of liver-—
specific mRNAs compared to common mRNAS (i.e., those with a
widespread tissue distribution). If liver cells require
specific external signals or conditions for maintained high

rates of liver-specific transcription, theri perturbing the

normal cellular environment might be expected to result in
charnges in liver—-specific transcription. And, especially
important, if mechanisms exist which coordinate the

trarseription of genes related only in their tissue-specific
pattern of expression, under some circumstarnces changes in
the +transcription of orne liver—-specific mRNA should be

paralleled by changes in marny others.

As reviewed in the Intraduction, many investigators had
observed that hepatocytes suffer declines in various liver
furnctions after several days in primary culture. However,
the biochemical levels of control and molecular mechanisms
responsible for these charnges had riever beern examined. Nz

had the resulting levels of liver functicocr beer compared in a
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clear and gquantitative manner to the levels of function seen
in the normal liver. And nor had a sampling of liver-—
specific functions as broad as that represented by the
plasmid collection produced by Derman, et al. (1981) been

simultareocusly mornitored in primary cultures of hepatocytes.

To determine whether or not disaggregating the liver and
exposing thé cells to a standard tissue culture envirorment
would result in significant, coordinated changes in liver-—
specific gene expressiorn, I measured both the corncentration
and nuclear transcription rate of various liver-specific
mRNAs as well as several common mRNAS in  hepatocytes at
several points during primary culture and in the intact

liver.

ESTRBLISHMENT OF CULTURES

Hepatocyte cultures were prepared by collagenase
perfusion, as described in Materials and Methods. Single
cells plated in a culture medium supplemented with insulin,
hydrocortisone and 10% fetal calf serum attached to plastic
culture dishes within 2 hours. After attachment, the cells
flattened and spread, establishing apparent intercellular
contacts within the first 24 hours. Although the cells
continued to extend processes, the cell number was stable for
at least ore week, with ro cobserved mitctic figures or any
significant change in the number of nuclei per unit area in
the culture dishes (assessed by light microscopy). At least

70% of the cells appeared to be binucleate. Other aspects aof



the characteristic hepatocytic morphology (Klaunig, et al.,
1977a, 1977by Seglen, 1976) gradually gave way to  an
elongated morphology after several days. By 1@ days 1in
culture, it was difficult to judge by morphology whether the

cells orn the dish were in fact originally hepatccytes.

To assess the overall levels of protein and RNA
synthesis, parallel cultures from a single mouse liver were
labeled upon establismment of the culture or 1, 2, or 4 days
later with 358-methionine or 3H-uridine (Table 4). In
additicr, the total cell protein per culture dish was
determined and remained essentially constant through the
first 4 days. The incorporation of 398-methionine increased
shortly after the cells were plated and was similar at 1, =,
and 4 days of culture. SH-uwridine incorporation was lower
during the first 24 hours and had increased at & and 4 days
of  culture. I other measurements (data not shown) a
comparable level of 398-methionirne incorporation was obtained

in a 13%-day-aold culture.

Also, two—dimensicrnal gel arnalysis of protein extracts
from  intact livers (labeled by intraperitoreal ingection of
298-methionine) and fram cells labeled during the first &
hours, the third hour, the eight hour and the 24th hour in
culture revealed charnges in labeling internsity of some spots,
but a general stability irn the protein synthetic profile of

moxst of the aburndant proteins.
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Table 4: Macramolecular Synthesis Rates and Total Protein in

Hepatocyte Cultures.

Total 3H-uridine incorp. 355-met incorp.
Time protein

(mg) Total per mg Total per mg
2 h 15. @ 43, 600 c,910 837, aQ 55, 8@
1 d 13.3 32,130 2, 420 4,259, 600 3a5, 222
2 d 1z. @ 125, 35@ 8,750 4, 252, S0Q 354, 20Q
4 d 12.9 &9, 720 5, 400 4,553, 100 353, 0212

1& replicate cultures were established from a single mouse
liver. At the indicated times after plating, duplicate
cultures were labeled for 3@ min as described in the text.
Taotal protein was determined for the uridirne—labeled plates.
Data presented are averages of data obtaired from the

duplicate cultures.
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These results suggest that the cells maintain general
macromolecular  synthetic capacities. Most of the cells
remairv viable, and no replication is evident, at least within

the first few days of culture.

mRNA CONCENTRATIONGS

Total cellular RNA was extracted from fresh livers and
from cells after various periocds in culture, and the fraction
o f aoly(M* RNA was isclated by cligodeoxythymidylate
chraomatography. The preserce of specfic mRNAs was determined
iv equal portions of the varicus poly(R)+T RNAR samples by the
Northern blot procedure (Materials and Methods), involving
electrophoresis through dernaturing agarocse gels, transfer to

nitrocellulose and hybridization to 38P-labeled cDNA probes.

cDNA  probes used in the assay included the 11 liver-—-specific

clores isclated by Derman et al. (1281), probes that
hybridized to the mmRNAs encoding albumin or alpha-
fetoprotein, and DNA samples comtaining sequences

complementary to five mRNAs that are common to a variety of

tissues.

Ey the Northern blot assay, the initial liver cell
suspensions  before plating contained amounts of all liver-—
specific wmRNAs approximately equal to that found in whaole
livers (Fig. 2). Moreover, the levels of all the liver-
specific mwmRNAs remaired high through day 1 or 2 of culture.
Small variations betweer €& and 24 hours in  several mRNAs,

€. 4.3 plive-&, were not further investigated although they
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Figure 2. Northern blot analysis  of specific RNA

concentrations in hepatocytes cultured through 1 week.

Cultures from & mice were established, and RNA from & plates
was isolated at the indicated hours after plating. Whole
liver RNA is designated liv, and freshly isolated hepatocytes
are 0. Equal amounts of poly(R)+ RNA (measured by optical
density), ranging from @.1 to 1 mcg accordivg to  the
aburndance of the mRNA tc be measured, were loaded into  each
well of a denaturing agarcse gel, and after electrophoresis
the RNA was transferred to nitrocellulocse and hybridized to a
single nick-translated cDNA praobe  (two probes  in [Cl1).
pER3&Z DNA digested by HincII, EcoRI and Hinfl was included
on each gel to provide size markers, as showrn in [CJ. Each
series of bands for a specific mRNA was cut from
autoradiographs and compiled for (A and (RB).

(A) Liver-specific RNAs: probes abbreviated as ivn Table 1.
Elanks represent gel slots where no RNA sample was loaded.
(R) Common RNAs: probes abbreviated as in Table =Z.

(C) photograph of an entire representative blot, hybridized
to the albumin probe (upper band) and to a cDNA clonme which
hybridizes to two mitochondrial RNAs (lower  bands). This
figure indicates the change in albumin concentration despite
the constancy of mitochondrial RNA in the input. Lares 1 to
€, from Bh to 162 h (as in A); lane 7, whale liver RNAj; larne

8, pBR322 size markers.
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were observed in other experiments as well. Sirnce the mRNA
concentration of  the cells after a day or two inm culture
closely resembled that found in whole livers or in cells just
after removal from the animal, the process of perfusion,
disaggregation and initial cell culture appeared to result in
a population of cells that functionally resembled the

population of hepatocytes in the normal liver.

Continued cultuwre of the hepatocytes, however, showed
that, with the sirngle exception of plivS-€, the levels of all
liver—-gpecific mRNAs declirned detectably within 48 hours.

Mzst liver—specific mRNAs continwed to declivie over the nrnext

several days and became virtually undetectable by day 7. In
contrast, at the erd of 1 week in culture, the cells
contairvied greater levels of all the common mRNAs and

virtually identical levels of pliv8—-& compared with freshly
dissociated cells or the cells of whole livers. The time
course of the described changes varied somewhat with
cifferent mRNAs. Some liver-specific mRNAs (plivS-7, -8, and
-11)  declired quickly and remained at constanmt but reduced
levels, whereas others (albumin, plivS-1, -2 through -5, and
plivs—-1@) showed a steady contirwous declivne begirnming
sometime after day 1. The signal for alpha-fetoprotein (not
showr) was very low even in whole livers and freshly isclated
cells, which is not surprising considering that the mature
nepatocoyte  is  kriowr  to make only small  amounts of  this
proteir. Nevertheless, mRNA concentrations for  alpha-

fetoprotein alsa appeared to diminish during cultuwre.
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The time-course of these charnges in liver—-specific mRNA
concentrations is similar to the time course commonly
observed for loss of liver function in cultured hepatocytes
(e.Qg., Michalopoulous and Pitot, 1975, Pitot and Sirica,

198@; Newman and Guzelian, 1982).

TRANSCRIPTION RATES

To determine whether these changes i mRNA concentration
were controlled or paralleled by changes in specific gene
transcription, transcription analyses of rnuclei from cultured
hepatocytes and fresh liver were performed using the various
liver—-specific and commorni c¢cDNAR  probes. The transcription
assay based on nascent labelling of isolated nuclei, dot
hybridization and autoradicgraphic detection was performed as

described in Material arnd Methods.

Three sets of autoradicgraphs are presented. In the
first experiment (Fig. 3R), the transcription of most liver-—
specific genes had declined significantly after cells had
beern in cultuwre only 24 hours. In the same experiment (rnot
shown), cells after 1@ days in culture had a very similar
transcriptional profile to the cells assayed at 24 houwrs  in
culture.

In the second experiment (Fig. 3B), the rate of declire
of liver-specific transcription was defirned more precisely by
examining cells after 7, 14 or 24 hours in culture. The
sigrnal for plivS—-1 (majocr urinary protein or MUP) declined to

background levels within the first 7 hours of culture, but



Figure 3. Dot hybrid analysis of specific gerne transcription

in cultured hepatocytes.

Nuclei of liver cells were prepared with detergent after
perfusion of the liver with cold medium at 4 ~C (R). The
nuclei of plated cells were prepared in the same marmer at
the times described in the text. The sample marked liver in
(B) was prepared by sedimentation of nuclei through sucrose
without detergent (Materials and Methods). Nuclei were
labelled and hybridized tc plasmid DNAs as described in

Materials and Methods. The key at the bottom indicates the

arrangement of plasmid DNAs on the filter (see Tables 1 and

2).

ot
()



cold
perfused
liver
-
24 h 14h @
e
24h
L N |
1 5 9
2 6 10pBR aT 1 2 a4
% € AtaRpbl 9 11pBR
4 8 Al Al

Al aT Ac



transcription of the other liver-specific geres faollowed a
more gradual pattern of decline over the 24 hour period. Or
the other hand, trarscription of actin and tubulin  mRNA
sequences increased substantially during the first few haours
of culture and remaivied higher at 24 houwrs thanm in the intact

liver.

Several additional points can be made from the third
experiment (Fig 4). First, trarnscription of MUFP was already
reduced after only £ hours of culture, whereas transcription
of actin sequerces increased dramatically at two hours  (a
quantitative charnge of 3S@-fold or more by densitometric
analysis) before returning to and remaining at rnormal levels
betweern 24 and 96€ hours. The significance of this large
transient change in actin transcription is rnot clear, but it
may be related to the charges in attachment and cell shape
that the cells undergo during dispersion and cell culture
(Farmer et al., 1383). Trarnscription of other common mRNA
sequences remained relatively constant throughout the four

day culture period.

Three liver—-specific sequerices (plivS-6 and -7 in Fig. 4,
and plivS—-8 in the experiment shown in Fig. 3R) showed little
decrease at any point through at least 4 days in culture. The
stability of plivS-6 transcription is cornsistent with the
results of the Northern blot analysis of mRNA concentrations,
but both plivs-7 and -8 showed substantial declines in
corcentration in cells after a day in culture (Fig. 2. A

similar lack of correlation between trarscription rate and



Figure 4. Dot hybrid analysis of specific gene transcription

rates in hepatocytes.

Nascert—labelled rnuclear RNA from whole liver (liv), freshly
isclated hepatocytes (@) and cultured hepatocytes (at the
irdicated hours after plating) was prepared and hybridized to
plasmid DNAs as described in Materials and Methods. The
columms marked + indicate the addition of 1 mecg of alpha-
amarnatin per ml duwing the RNA labeling (liver and 24 h
samples only). (A) RNA polymerase 11 products. (B) RNA

polymerase I and III products.
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Table 5: Changes Relative tca Intact Liver in Specific Gere

1@

11

Ac

aT

bT

Transcription Rates.

24h

2h 7h 14 96h
Fig.4 Fig.3B Fig. 3R A B c Avg Fig. 4
@ -3 =7 =5 -3Q y -5 -52 ) =5@
-2e -25 -5@ -z@ -50 y-5a -S@ -5@
= -6 -1@ -5 -5 -37 -3@
-6 -2 -13 -8
-3 ~17 -4 -2 -3 -18 -7
- -4 -3 -3

+@. 5 -4 -1.5 +2.95
2.5 -6 -4 2

- =

+1.9 -2 -2 -30 -1@ -14 —4
@ ~c -1.95 -3
+35 @ -5 -10 -6 -3 =15 -25
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Autoradiographs from Figs. 3 and 4 were analyzed by

densitometry. Data expressed as factor change in signal for

each probe (left column) relative to signal in intact liver.

24h: A - Fig. 43 B -Fig. 3A; C - Fig. 3B
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concentration for these two mRNAs was later observed in  an
analysis of liver-specific mRNA productiorn in the fetal liver

(Fowell, et al., 1984).

Ore other transient variation was also rnoted. The
transcription signals for plivS8-9, -12 and —-11 ircreased in
riuclei from cells just after disaggregation, compared with
transcription in nuclei obtained from whole livers. These

changes were apparently reflected in trarnsiently ircreased

mRNA concentrations (Fig. ). By &4 hours in culture,
however, the transcription of these gernes had declined. In
riumerous additional experiments (e.g., next Chapter),

transient increases in trarnscription of these sequernces have
sometimes but not always been observed inm freshly isolated

hepatocytes.

By comparing densitometric tracings of the
autoradiocgraphic exposures (Table I5) ard by comparing
different exposures and RNA inputs (Materials and Methods),
the decrease in signal intensity between @ and 96 hours was
estimated to be 1@-fold or more for MUP, albumin, plivs-2, -
3, -4 and -11, and about three-fold for pliv8-5, -9 and -10.
(More refined quantitation of the charnge in transcription of

specific genes is presented in Chapter 5).

EFFECT OF ALPHA-AMANATIN ON TRANSCRIFTION RATES.

To establish that the labeled nriuclear RNA that

hybridized to the clored probes was the praduct of RNA
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palymerase Il transcription, riuclei isclated from whole
livers and cultured cells were divided and labeled with or
without i mecg of alpha-amanatin per ml, a dose which
specifically inhibits RNA polymerase II (Roeder, 1976). Rs
showrn  in Fig. G, a—amarnatin effectively eliminated the
production of hybridizable RNA from both the liver-specfic
and common genes. A law level of residual trarnscription of
certain genes that are presumably transcribed by RNA
polymerase II (in particular, the actin sequerces) is evident

and accords with the ™~9@2% reduction expected (Roeder, 1976).

Because trarnscription rates were compared by hybridizing
an equal amount of the labeled RNA, the relative levels of
hybridization might conceivably be misinterpreted 1f the
proportion of activity of the three polymerases varied
significantly. Tc test this, labeled riuclear RNA (Fig. 4E)
was also hybridized to clorned DNA samples that erncode 285
rRNAR or tRNA(arg) and tRNA(met) sequerces. The hybridization
to these probes was essentially constant, with equal input of
radicactivity from different samples indicatirg a constant
input of polymerase II product in the various samples. In
addition, the transcription of 288 and tRNA seqguerices was

unaffected by a—-amanatin at 1 mcg/ml.

CONCLUSIONS

These results establish that gquantitatively large
decreases in the production of many different liver—-specific

occur in hepatocytes when they are dispersed from the normal
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ivtact tissuwe and cultured as a moncolayer under starndard
cnlture conditions. Importantly, the production of several
commore mRNAs  (and 1 of 13 liver-specific mRNAs, encoding
transferrin) does not  decrease. Because changes in
transcription  preceded changes in mRNA  corncentrations, and
were of a similar magnitude, the loss of liver—specific mRNAs
apparently resulted from a decline in their transcription
rates. No eviderce for significant levels of cell death,
excessive stress or selection was cobtairned from morphological
cbservatian, metabolic labeling, two—dimensional protein
aralysis, and Northerrn blot analysis of mRNA corncentrations.
Rather, a specific change seems to be cccurring within  the

isolated hepatocytes themselves.

Althounh some variations were observed in the exact time
course of these changes for different liver—-specific geres,
the gerneral pattern of charige was very similar for most of
the liver—-specific gernes examined. This strongly suggests
that some mechanism of coordinate cantrol is invelved in the
regulatiorn of many (and probably most) liver—specific geres.
Furthermore, this mechanism must somehow be sensitive to the
process of tissue disaggregation and primary cell culture. In
the riext two chapters, the exact nature of this relationship
betweernn charges in tissue-specific transcription and primary

cell culture is examined further.

Ore final caveat should be roted. With some of the
cloned c©DNA  probes used in these assays, their genomic

counterparts have been identified, and in some cases multiple
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cross—reactive transcription units have been shown to exist
(e.g., MUF, Shahari and Derman, 1984). One carmnot be certain,
therefore, that the cutput of the same transcription urit is
always being measured in different circumstances. Similarly,
the significance of the residual law level of liver-specific
transcription measured in the cultured hepatocytes after a
day or so in culture is urncertain. In fact, similar low-
level "liver—specific" transcriptional signals have been
cbtairned in scome cases with ruclei from mouse erythroleukemic
cells (data not shown) and with rnuclei from other tissues
(Powell, et al., 1984). This last point will be addressed

again in Chapters &€ and 7.

Nornetheless, the central conclusion is clear: CoOmMmmao
gene transcriptiocn continues, but trancription of most liver-—
specific genes declirnes whern liver cells are isclated from
the tissue and placed in culture. The total transcriptional
apparatus has not been dismantled, but a differential effect

has resulted.
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CHAFTER FOUR

EFFECT OF CHANGING CELL CULTURE CONDITIONS ON LIVER-SEECIFIC

mRNA FPRODUCTION IN ISOLATED HEPARTOCYTES

Why does liver—-specific transcription decline =Yl
dramatically in isoclated cultured hepatocytes? There are
three obvious and general explanations. One 1is that

hepatocytes might require specific humcoral conditions or

factors to maintain high rates of liver—-specific
transcription, and these conditions are not adeqgquately
reproduced by the artificial culture medium. Ferhaps a

specific hormaorne is absent, orr the balarce of nutrients is
nat  right, o there may be inmhibitors of differentiated

furction in fetal calf serum, for example.

A second possible explanatiorn is that the cells require
a specific signal for maximum tissue-specific function which
they nrormally receive through cell-cell contacts or through
contact with the extracellular matrix. If this were the case,
culturing the cells with other nor—parenchymal cell types, or
at a high density, or on an extracellular matrix might result

in maintained liver—-specific transcription in vitro.

The third explanation is more complex: perhaps
hepatocytes do not require a discrete signal for continued
differentiated furcticon at all, but must be maintained in a

critical geometry or organizational state for maximum tissue-—
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specific transcription to proceed. This critical
organizational state might depend on the geometry of
extracellular contacts, for example, and it might arise or
evolve slowly as the tissue and the hepatocytes mature. If
maximum transcription is linked directly to the organization
of cells in a tissue, it could be very difficult to define

conditions for maintaining maximum differentiated furnction in

Each of these three explanations implies somewhat
different cellular mechanisms for the coordinated control of
tissue-specific transcription, as well as for the control of
cell differentiation during development. In an attempt to
better understand the precise cause of the observed loss of
liver—-specific transcription, I conducted a series of
experiments seeking to define culture conditions that would
lead to an improvement in liver-specific trarnscription in

isolated hepatocytes.

EXFPERIMENTAL DESIGN

In each experiment, transcription rate profiles
(obtained wusing the dot hybrid assay described earlier) were
compared for nuclei isaclated from fresh liver, from cells
cultured under the standard conditicns described in the last
chapter (Dulbecco’'s modified essential medium plus  insulin,
hydrocortisone and 1@% fetal calf serum), arnd from cells

under one or more sets of test conditions. Since the
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decline in liver-specific transcription cccurred mostly in
the first é# hoﬁrs of primary culture under standard
conditions, in most experiments cultures were assayed after
24 hours. Where there was reason to suspect that a lonpger
exposure to the test culture conditiorn might be rnecessary for
improved cellular function (e.g., attachment to extracellular
matrix, selection in arginine—-free medium) cells were also
assayed after as much as a week in culture. As much as
possible, cultures to be compared in any ocne experiment were
established and maintained in parallel (oftern from the same
mouse liver cell preparation). A fresh preparation of nuclei
from intact mouse livers (or 1in some cases from cells
immediately after collagenase dispersion) was always used as

the positive control in the transcription assay.

Each dot hybrid assay of transcription included both
liver—-specific c¢DNA probes and common probes as  controls,
with hybridization to pBR322 vector DNA used as a measure of
non-specific background hybridization. In most experiments,
analysis of net polymerase 11 transcription (i.e., by
measuring polymerase I activity with a 285 rRNA probe  and

palymerase III with a tRNA probe) was alsco conducted.

CELL CULTURE CONDITIONS EXAMINED

A wide rarnge of culture conditions was examired, as
summarized in Table 6&. Manipulations included alteration of
the basal medium, the amount and type of serum and hormores

added, the substrate to which the cells were attached,



exposure to oxyger, the addition of physiclogical and rion—
physiological inducers and drugs, the inclusion of cther cell
types irn the cultures, and cell dernsity. The raticrale for
each manipulation is summarized briefly in the following

paragraph.

The medium of Enat, et al. (1984) was developed to
improve function in rat hepatocytes, and contains a mixture
of hormornes, factors and v serum  (see Materials and
Methodes) . Testosterorne, EGSF (epidermal growth factor) and
glucagor have numerous effects on liver cells (e.g., Guguen-—
Guillouzo and Guillouzo, 198335 Miller and Griffin, 138735) and
are in low concentration in fetal calf serum. Hydrocortisorne
has a short lifetime in culture (Miller and Griffin, 127%5)
ard has been comsidered critical in maintaining hepatocytic
functiorn (Greerngard, 19753 OGuguern-Guillouzo and Guillouzo,
1983). Excharige of soluble metabolites o pgases was
manipulated by changing feeding frequency or medium depth
(over 42 ml of medium in a dish was lethal). DMS0O (Higgins
and 0°'Dormnell, 1982), retinoic acid (Stricklarnd, 1979,
(dibutyryl) cyclic AMF (e.g., Ruiz—-Bravo and Ernest, 1982y,
butyrate (Kruh, 19282), cycloheximide (Nevins, 1981), calcium

(Hermings, et al., 1982) and early products of adenovirus

(Nevins, 1382) have beernn used variously as inducers in
hepatocytes, hepatomas or similar epithelial cell systems.
AZ3187 is a calcium iocrnophore with inducing properties in

some cells (Bridges, 1981). Demecolcine, & colchicine

analog, (Crossin and Carrney, 1981) and cytochalasin B (Weber,
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1976) affect cytoskeletal organization and function, and
varnadate is & generalized inhibitor of phosphorylases which
affects intermediate filamernt organization (Wang and Choppin,
1281) among other things. Concanavalin is a lectin that may
cross—link cell surface compornents, decreasing their mobility
arnd influerncivg intracellular organization (Gall and Edelman,
i981). Fetal cells have lower liver—-specific transcription
rates than adult cells (Powell et al., 1981), but these rates
declined in cultwe like adult monolayers, whether in basal
oy arginine-free (Leffert et al., 1977) medium. Endothelial,
epithelial, and other non—parenchymal cells are constituents
owf  liver tissue that may be lost when hepatocytes are
isolated, and may have inducing properties in co-culture
systems (Buguer—-Guillouzo et al, 1983; Rissell, 1983).
Collagenous substrates are generally considered to  improve
cell furnction in vitro (Kleivnman, et al., 13815 Wicha, et
al., 1982), and biomatrix is a complex collagencus substrate
developed for hepatocytes (Reid, et al., 1984; Enat, et al.,
1984). Cell density was varied between 2-16 x 104 cells/cmE

(Nakamura, et al., 1983).

EFFECT ON TRANSCRIFTION

Isclated hepatocytes exposed to any of the culture
conditions desecribed above and in Table 6 had similar, low
transcription profiles for the parel of tissue-specific
mRNAs. In all cases, the transcriptional profile was

essentially indistinguishable from that presented in  the
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previcus or the foallowing chapters for isclated hepatocytes
cultured in monolayers under basal conditions. In some
experiments, the transcription rate of cre or two liver—
specific genes varied by factors of 2-4 (up or down) in the
test cultures compared to the control cultures, but these
variations were usually irreproducible, and in rno case was a
gerneral effect seern on the liver—specific transcription urnits
as a group. The most substantial variation in transcription
was oabserved in comparisons of cells plated at different
densities: transcription of plivB—-2 and Albumin was about 4-—
fald lower at the lowest compared to the highest cell
density, but other genes showed rno effect, and all liver—
specific sigrals remained far below sigrnals for intact liver

at all culture densities.
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Table 6: Culture Conditions with Equivalent Effects on

Liver—Specific Gene Transcription in Mouse Hepatoctyes.
Conditions Medium  Hormones  Other Substrate  Time
Additives
"""""""" Dulbecce’s Insulin  1@%  tissue
Basal Hydrocor— Fetal culture 1—-1@
tisone calf ser. plastic d
Horse T TTHew T TTTwTTToTTTTTTT
Serum " " horse s. 24 hr
20« T fetar T
Serum " " calf s. " u
se% Tt
SEY‘L“‘“ n " n " H
Hormonally RPMI Enat, Erat,
Defined 164@ et al. et al. " 1-6 d
Noe  basal none | basal
Hormones 24 h
Testoster—- " basal W TTTTTTTATT
one, EGF, +
Glucagorn, (Exp.
Retincic Froc.)
Acid
Hydrocort-  basal+ T
isone re- " HC every " " "
placement S hours
change T RTTTTTTTTTTTRazar TR TR TR

medium Sx

Acid



Table &6, cont.

Conditions Medium Hormones Other Substrate Time
Additives

5 @M Na T
butyrate basal basal basal+ basal &4 h
Cyelenens 7 TTTTTRTTTTTTTTRazals TR TTTTTTTTRTT
imide
3x caclz v W T TTThasal + v T TTTTTATTT
Az3187 v w T T Tbasal+ v T TTTTTWTTT
ne EDTR, " w7 " basal v 7w
AdS infec- " basal + 7
tion,6-12 h AdS @ 36h " =2—=48 h
Vanadate " v 7 " basal+ 24 h
Cytochal-  » w7777 "basal + w7
asin B
Demecaline =  *  basal+ v
Comcanav— _ * w777 """basa1 +
alin A " "
suspensicn 7 2-50% fetal bov.,  1-&
culture " " calf or horse ser. d
18 pay T TTTTTTTTTTTTTTTTTTtTTTTTTTTTTTTT
Fetal Cells " t basal " 1i-5 d
Fetal Cells Exp. dialyzed "
Arg— medium Froc. n 18 % fcs "
+ bavine % T TWTTTTTTTTTRasal + v T e
acrtic enda-— equal #
thelial c. BREC
+ rat liver Williams T basal + v w7
epithelial D " equal vol.
cells LEC
Williams —~~TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
D medium L u basal " "
+ mouse liv. TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
non—paren-—
Chymal cells n 1] n " 24 h
plastic ____CTTTTTTTTTTTTTTTTTTTTTTTTTT Nunc or
substrate " " " Falcon 24 h
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Table 6, cont.

Conditicons Medium | Hormones Other Substrate Time
Additives

rat liver T biomatrix

biomatrix basal basal basal on petri 24 h

substrate " " " dishes

universal

biomatrix " " " " 3 d
universal T TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
bicomatrix, RFMI Enat Enat " & d
def. med. 16406 et al. et al.

rat liver Tttt
biocmatrix,

def. medium " " " " 7 d
liver O TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
extract basal basal basal+ " 24 h
U
dEnSIty n " 1L i n

Hepatocytes were prepared, cultured and assayed for tissue-—
specific transcription as described in Materials and Methods,
where additional details of experimental manipulations are
given. In each experiment, cultures were compared to normal
intact liver and to cells cultured for the same time under
basal conditions. Liver—-specific transcription patterns in
cells cultured under all of these conditions were essentially
indistinguishable, although occasional small (2-3 fold)
variations in transcription of particular genes in some
experiments were observed. Where additiornal ingredients have
been added to the culture medium, a '"basal+" is entered in
the chart. Dcocsages were determined based orn the literature

and on observation of cell morphology.
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POST-TRANSCRIPTIONAL EFFECTS

Although norne of the culture conditions sigrnificantly

improved tissue-specific transcription in isolated
hepatocytes, some of them may have had cother poast—
transcriptional effects on the cells. Ivn most cases this

possibility was not examined directly, but in ocrne case there
was enough evidence of a significant post-transcriptional

effect to warrant further study.

The hormonally-defined medium of Enat, et al. (1284) had
beern developed in the laboratory of L. Reid at Albert
Einstein College of Medicine. With her colleague, D.
Jefferson, she had found by Northern blot analysis eviderce
of a substantial increase ir albumin mRNA corcentration iw
rat hepatocytes cultured in this medium (called "HDM" for

hormonally—-defined medium").

We therefore Jointly conducted an analysis of both
transcription rate and mRNA concentration in rat hepatocytes
cultured in HDM or serum—supplemented wmedium (55M), and
compared to the intact rat liver (note: SSM does rnot contain
the insulin and hydrocortisone added to the "basal" culture
medium described earlier). The transcription analysis
included probes for most of the liver—-specific and common
mRNAs described sao far. Probes used in the Northern blot
analysis included albumin, plivsS-2, -3, -4 and -5, and actin
and tubulin plasmids. Cells were cultured for the first 24

hours in a mixture of SSM and HDM, and for the remainder of

72



the period in one or the other medium. The results are
described in detail in Jefferson, et al. (1284), and are

summarized below and in Table 7:

Albumin mRNA concentration in cells cultured for S days
irn HDM was equivalent to i1ts concentration measured in fresh
intact liver, after a small decrease measured at the second
day. However, the transcription rate of albumin mRNAR was
measured to be about 8 to 9-fold lower in these cells than in
the intact liver. In SSM, however, albumin mRNA
concentration fell more than 20@0-fold in 5 days and its
transcription rate fell about 2Z@0-32 fold. Therefore, culture
in HDM sigrnificantly increased albumirni mRNA concentration
compared to culture in SSM, but primarily through post-
transcriptional wmechanisms which resulted in an  apparent
albumin mRNA stability (or processing efficiency) that was

higher evern tharn in the rnormal intact liver.

Fost—transcriptional ernharncement of plivs-3 (alpha-1-
anti—-trypsin) mRNA was also observed, although it was
quantitatively less profound. No post-transcriptional effect
was observed for the other liver—-specific genes examined,
however, implying that this effect may rnot invalve coordinate
regulation of liver-specific genes, but individual regulation
of a few isclated pernes. Rlsa, rno increase in transcription
rate in HDM compared to SS5M was observed for any of the mRNAs

examiried except albumir.

Eviderce of possible post-transcripticonal modulation of
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commor MRNAs in the cultured hepatocytes was also aobtairned in
the same set of experiments. mRNAs encoding actinm  and
tubulin  increased in concentration several hundred to a
thousand—-fold in the first two days of culture in either
medium, arnd dropped only by a factor of about 2 after three
more days of culture. Yet the trarnscription rate of these
mRNAs was little o wo higher in these cells after -5 days
iv cultuwre than in the rnormal liver. Earlier culture times
were nrnot examined in this experiment, and this charge could
result solely through tramscriptional means if the half-life
of these mRNAs were rormally about 2 to 3 days, and if their
total tramscriptional output increased about lgga-ze@z—-fold
in the first day of culture and then declined tao rnormal. In
fact, based or results presented in the previous chapter (and

laytor and Darnell, 1383) a large but very brief increase in
actin (and to a lesser degree tubulin) mRNA transcription
wold  have beern expected in the first few hours in culture.
Irn mouse hepatocytes (Fig. 4) this increase did not appear to
be much more than a hundred-fold, although the guantitative
accuracy of the dot-hybrid transcription assay aver ranges
greater than a hundred-fold has riot been well defined (see
Materials and Methods). Thus significant increases in the
stability or processing of actin and tubulin mRNAs appear to
result following cell culture in either medium, although
rigorous  demonstration of this conclusion will require

further analysis.
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Table 7: Effect of Differernt Culture Conditions ori
mRNA Concentrations and Transcription Rates in Rat

Hepatocytes

Relative mRNA Relative
concentration transcription

mRNR L

SSMm HDM SSM HDM
Albumin  =-3.9 -3.1 -19.1 -5
plivs-3 -3.7 -1.7 -3.3 4.3
Actin +1Q0a2 +452 +3 +1. 4
Tubulin +350 +22@ 1 1
T T T T s pays in Culture T
7 TRelative mRNA  Relative

concentration transcription
mRNG

sSsMm HDM SSM HDM
Albumin -5 1 -3 -a
plivS—-3 -3 -6 -2. 6 s
Actin +£3Q +22@ 1 1
Tubulin +12 +78 -2 -4

Data presented as charige relative to rat liver, e.g., -3.9 is
3.9 times less than liver. From densitometric analysis of
autocradicgraphic data. Multiple exposures were used to
compare very high and very low signals. Transcription data
includes small correcticons for non—-specific hybridization to

PERZ2Z2 and rnormalization to constant 285 rRNA signal.



WHOLE ANIMAL EXFERIMENTS

Two experiments were alsco conducted with whale animals
to address the following guestions: 1) could biliary
secretion into  the cell culture medium be the cause of the
loss in liver-specific transcription in isolated hepatoccytes?
2) could a transient decrease in  protein synthesis rates

result in lost liver—-specific transcription?

Biliary Secretion: hepatocytes normally secrete bile
and various metabolites into the biliary tract, where they
are eventually carried to the digestive tract for elimination
from the body. However, cultured hepatccytes obvicusly
remairn exposed to their own secretions. Although changing
the culture medium frequently did riot improve liver-specific
transcription (Table €), I decided to conduct the following
experiment, with the help of J. Friedmarn, M.D. The bile duct
was ligated irn several mice, leading to a back-up of bile
into the liver. After 24-48 hours, the transcriptional
profiles of the livers from these mice were measured with the
dot  hybrid assay. Fluctuations in  the trarnscription of
various gernes were rnoted, although the only change that
ccourred  in all experiments was a significant (1@—-fold ar
more) decrease in  the transcription of plivS-1 (MUP) .«
Transcripticon of other liver—-specific and control gernes did
nizt change in a consistent pattern. I concluded that, with

the possible of exception of MUP, there was ro evidernce that

the observed declines in liver-specific transcription were
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caused by damage or repression due to exposure to biliary

secretions.

Tramsient Decline in Frotein Synthesis: I had found
earlier (Table 4) that protein synthesis rates irncreased
about 6-fold in the first two hours of primary culture.
Whether or not this reflected a real increase in  protein
synthesis over the rate of the rnormal liver, or whether it
reflected recovery to rormal levels following a cell-
disaggregation induced decrease (Ben—Ze'ev et al., 1981), was
impossible ta determine. If (hypothetical) factors which
activate liver-specific transcription had a brief half-life
and were auto-catalytic for their own synthesis, a transient
decrease in protein synthesis could result in permanent loss
of these factors in the cell, and a parallel loss in tissue-
specific transcription. Tz investigate this possibility, I
conducted the following experiment: mice were given intra-
peritoneal injections of cycloheximide or emetirne, at doses
which were empirically determined to result in at least a
six-fold decrease in S°S-methicnirne incorporation into TCA-
precipitable material in livers in vivo within two hours., =
36 hours later the livers of the mice were assayed for liver-—
specific transcription as usual, and compared to livers from
mice that had received control injectiorns of saline. Except
for plivS-1 (MUR), no significant and reproducible charges
were observed in the trarnscription of the liver—-specific
mRNAs assayed. With cycloheximide injecticons, substantial and

sustained decreases (at least 1@0-fold) in MUR  transcripticonm
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were measured in livers 3, 15 and 3& hours after treatment.
However, in the experiment with emetine injection, little or
o decrease in MUP transcription was measured (at 3 or 15
hours post—ingection). Based on these results, I concluded
that there was no eviderice that a transient loss in  protein
synthesis rate was the cause of the coordinate loss of liver-—

specific transcription in the isclated hepatcocyte.

In the course of these experiments with protein
synthesis inhibitors in whaole animals, I roticed a
substantial irncrease (perhaps two—-fold) in the volume of the
liver 3& houwrs after ingection with cycloheximide. This
increase may have been due to cell growth. If so, it might
imply the existerce of a short—-lived suppressor of hepatocyte
praliferation 1in vivo, I did not pursue these observations

fuarther.,

In gerneral, the experiments with whole arnimals were
awkward, and difficult ¢to interpret because of the many

urncontrolled variables.

CONCLUSIONS

Noo culture conditions were found which prevented or
reversed the decline in liver—-specific transcription in
hepatocytes isclated from the tissue. No eviderice was
obtained for a specific signal for liver—-specific
trarnscription, either communicated through specific humoral

factors o through specific cell-cell or cell-matrix
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contacts. However, such a rnegative result obviously does raot
disprove the existerce of such signals. Rlsa, the
possibility remains that some of the culture technigues
examined may exert some post-transcriptional effect on  some
liver—-specific mRNAs. Such a phernomercr was observed for two
genes (albumir and a-l-antitrypsin) when rat hepatocytes were
cultured in a serum—free hormonally—-defirned medium (Ernat, et
al., 1984). However, cther liver-specific genes were not
affected, implying that this phencmerncon is not central to the
coo inate regulaticon of tissue specificity. Whole animal
studies were used to show that irncreased exposure to biliary
secretions or a transient decline in protein synthesis does
not  cause a coordinate loss of liver—specific transcription

in intact livers.

EBEased on these results, the possibility was seriocusly
considered that hepatocytes must be maintained in a normal
tissue organization for continued maximum levels of liver-

specific transcription.
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CHAPTER FIVE

DEPENDENCE OF LIVER-SPECIFIC TRANSCRIFTION ON TISSUE

ORGANIZATION

If tissue-specific transcription in the liver depenrnds
somehow on normal tissue organization, then transcription
might be maintained in vitro if tissue organization could be

maintained in vitrc. With this in mind and the assistarce of
A. Harrelsaon, I explored the use of conventiconal tissue-
slicing techniques (Mcllwain, 13685 Bak, et al., 188Q) as a

way to prepare liver tissue for culturing.

FREPARATION AND CULTURE OF LIVER SLICES

Livers to be sliced were first perfused with tissue
culture medium to wash out blood and to insure guick exposure
of all the cells irn the tissue to the culture medium. With a
Mcllwain Tissue Chopper, livers were thern cut intoc columns
2.325 mm x @.325 mm x 2-3 mm. The columns were therefore
approximately 1@ to 15 cells in diameter, or about half the
size of the classic liver lobule. Irn most experiments the
slices were placed in Erlermayer flasks that were flushed
with 95% O0z/5% COgz and gently shakern. For  comparison,

monclayers were alsc cultured under 95% 0z/5% COz.

Measurements of macromolecular synthetic rates (Table 8)
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Table 8. Macromolecular Synthesis in Liver Slice Cultures.

RNA FROTEIN
cpm  mg  cpm/mg % cpm  mg  cpm/mg %
2H 1452 1.8 827 10¢ 113300 2.@ 5SEE5Q 100
26H 1713 1.6 107@ 133 £380Q 1.4 4557@ 8@
SeH 1030 1.7 635 79 68220 1.9 35920 63

Mouse liver slices were divided into & equal aliguots for
culturing. At the times indicated, medium in individual
cultures was replaced for 3@ minutes with medium containing
12 mcCi/ml  of either 39S-methionine or SH-uridine, as
described in Materials and Methods. The slices were then
washed and. guick frozewn in PBS. After thawinrg, they were
polytrorn homogenized and assayed for incorporated label and
protein content. In contrast to slice cultures, monclayer
cultures were found to increase protein syrnthesis by six—-fold
and RNA synthesis by three—-fold between 2 and 48 hours in

culture (Table 4).
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indicated that, unlike monclayer cultures (Table 4), slice
cultures maintain low total rates of RNA and protein
synthesis which declirne after 24 hrs. Furthermore, the
slices gradually become fragmented in shaking cultures, ST
that after 24 hours or so they may vz longer maintain normal
tissue structure or biochemical functior, and probably

contain many dead or dying cells.

MAINTENANCE OF LIVER-SFECIFIC TRANSCRIPTION IN SLICES

However, since slice cultures could be maintained for 24
hours with moderately active total proteirn and RNA synthesis,
which 1is the amount of time required to observe the declirne
in liver—-specific transcription in monolayer cultures, slice
and monclayer cultures after 24 hours and fresh intact mouse
livers were compared using the dot hybrid tranmscription
assay. Autcradicgraphs from two such experiments are shown
in Figures S5 and 6, and guantitation of the autoradicgraphic

signals is given in Tables 9 and 10Q.

A major general point carn be made from these two
experiments (and from & number of similar experiments naot
shown) s liver—-specific RNA transcription was maintained at a
much higher rate in liver slices than in monolayers cultured
under the same conditions. The rate of liver—-specific
transcription irn nuclei from slices usually averaged from Z@
to 50% of that in liver nuclei for most genes, and was

approximately five- to twenty—-fold higher than in dispersed
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Figure S Transcription Rate Analysis of Liver Slice

Cultures Compared to Normal Liver and Maonolayer Cultures.

Autcoradicgraphs of plasmid-DNA containing filters [ «pared
and hybridized as in Figure 1. Equal counts of nascent-
labelled nuclear RNA from mouse liver (A), mouse liver slices
cultured irn basal medium (B), slices cultured in basal medium
with no added hydrocortisone or insulin (C), and isclated
hepatocytes cultured in basal medium (D) were hybridized to
replicate filters. Liver slices and isclated hepatocytes
were prepared as described in the text and in Materials and
Methods and cultured for 24 hours under an atmosphere of 95%
Q2 and 5% CO2 with a total of five charnges of culture medium
each. The combined slices from three livers were split into
three equal aliguots for B, C and a third culture (not showr,
described in Table 9). The plasmid DNA probes used (Table 1
and 2) wers arranged on the filters as indicated in the key
at the upper right hand corner. The probe for the EZ gere of
Adenovirus S was included for other reasons, but indicates
the presence of a cross-reacting RNA in mouse liver cells
that has been observed in other experiments (unpublished

observations).
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Table 9. Densitometric Quantitation of Transcription Rate

Arnalysis.

Slice Culture Slice, No Added Slice, No Moo

________________ Hormones_ —-Serum__ e
1 8z 57 68 3
b= 36 27 c8 1
3 124 a8 10@ 1
4 46 35 41 iz
5 == 169 coa 27
= S 361 428 87
3 S 361 432 27
i@ =86 17& 271 4
al o 19 23 .z
ac 197 234 158 187
oT 15@ 151 148 15@
CHO-E 12 1@ 122 12@

Data from Figure 5 was analyzed by densitometric scarming,
alorng with data from a parallel experiment in which an
aliguct of the same slice preparation was cultured in basal
culture medium lacking serum (this resulted in an approximate
S@% decrease in yield of labeled ruclear RNA). Signal for
pBR322 on each filter was subtracted, and the different
hybridization inputs were rormalized by using the CHO-E
signal as an internal standard (Materials and Methads). Data
for each transcription unit in the wvarious cultures is
presented in the table as a percentage of the signal measured

in fresh mouse liver for that trarnscription unit.
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Figure 6. Transcription in Staticnacy vs. Shaking Slice

Cultures.

Autoradicographs of filters hybridized with nascent—label led
nuclear RNA from mouse liver (R), shaking cultures of slices
(B), slices cultured on a staticnary platform (C), and
isclated cultured hepatocytes (D) are shown. B: One half of
the slices prepared from two livers was cultured in basal
medium as described in Figure 2. C: The other half of the
slice preparation was placed on stacks of sterilized Whatmann
3mm filter papers in four 15@ mm tissue culture dishes, with
basal culture medium added until it just reached the top
piece of paper; dishes were cultured in incubators under S%

COz in air. Quantitaticon is presented in Table 1@.
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Table 1@. Densitometric Quantitation of data in Figure 6.

(liver = 100)

SHAKING STATIONARY MONOLAYER
1 7 zo 1
2 8 18 z
3 30 45 4
4 6@ 63 23
5 41 95 24
3 27 65 45
9 23 4z 8
Al 13 25 z
Ac =8 53 4€
aT 10€ 135 112
tR 33 24 €4
28s 112 48 119

Values for each transcription unit in the cultuwred tissue and
cells are expressed as percentages of the sigral measured in

fresh sliced liver.
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cells cultured in monolayers. In contrast, transcription of
commar mMRNA seguences (acting tubulirn, CHO-B) was similar in

slices, dispersed cultures and fresh liver.

Although most liver—-specific gernes responded in a
similar qualitative fashion to the different culture
conditions, guantitative variations in response among the
different gernes and in different experiments were observed.
For example, transcription of RNAs complementary to plivs-5,
-6 and -9 actually appeared to increase in cultured liver
slices compared to fresh liver in the first experiment (Fig.
S Table 9). This effect was not observed in the second
experiment (Fig. &, Table 1@). Apparent quantitative
variations from experiment to experiment undoubtedly resulted
i  part from variations in the transcriptional profiles of
the different fresh mouse livers used as controls in each
experiment. Other wvariations may have arisen from subtle
differernces in the preparation and handling of the slices
themselves. For example, slices cultured on a stationary
platfaorm (Fig. &C) transcribed liver-specific geres at about
twice the rate of slices suspended in shaking cultures (Fig.

EE, Table 1@).

Also, genes with the highest transcription rates in the
normal liver  (albumin, plivs-1, -2 and -3) appeared to
decline the most in transcripticon in the monclayer cultures:
typically by 2@ to perhaps more than 102 fold. Geries in this

group were also more likely tao show some decrease in
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transcription in cultured slices. The transcriptional
signals for other liver—-specific mRNA sequences (detected by
plivs—-4, -5, -9 and -1@) typically declined by factors of 3

to 12 in monalayer cultures.

Arcther way to view the gere—-to—-pgerne variations in  the
quantitative degree of change in transcription is to nrotice
that transcription of the varicus liver—-specific genes fell
to a similar low level in the cultured hepatcocytes. Genes
that started with a higher rate of transcription had farther
to fall before reaching this plateau. The quantitative
significarnce of the low residual sigrnals measured in
monolayer cultures is unclear, because although they were
usually greater thanm the background hybridization to plasmid
vector DNA alaone, they are statistically less reliable than
more intense signals. Alsio, without exploration of toeir
source, for example by hybridization of nascent RNAR to a
series of segments across a gerne to demonstrate equimolar
hybridization in each segment, it remains conceivable that
the 1low signals are due to some type of cross hybridization

(Salditt-Georpgieff, et al., 1984).

The only liver—-specific RNA whose rate of synthesis was
usually maintained at a rmormal or high rate in both slices
and dispersed cultured cells is that complementary to plivS-
E. This is consistent with a similar observation reported in

Chapter 3.

A  final observation concerning the data in Fig. S and
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Table 9 is that alterations in the culture medium had mivimal
effect on tissue—spécific transcription in slices. Omission
of supplemental insulin and hydrocortisone from the culture
medium (Fig. 5C, Table 3) resulted in only a slight decrease
iri liver—-specific trarnscription. Omission of serum from the
medium resulted in a decrease in total RNA synthesis, but had
little or roo effect on the relative pattern of tissue-

specific tranmscription (Table 9).

IS LOST FUNCTION IN MONOLAYERS DUE TO CELL DAMAGE?

The experiments Just described strongly swuggest that
liver cells reqguire participation in an intact tissue in
order  for high levels of liver—-specific transcription ta  be
mairvitained. However, orie remaining explanatiocn for the loss
of  function in collagenase-dispersed cells exists: perhaps
the cells have been damaged somehow by the process of
perfusion, and in particular by the various proteclytic
activities in the erizyme preparation. Therefore, a method for
hepatocyte isolation that did not employ proteclytic enzymes
was sought. Rat hepatocytes can be released from their
normal  tissuwe cortacts by perfusion of the liver with EDTA
(Berry, et al., 1383). Similarly, I found that perfusion of
mouse livers for one hour with 2-1@ mM EDTA in Hepes-buffered
Hank's salts, followed by gentle teasing of the liver,
resulted in a preparation of single cells (32-5@% viable) and
a large acellular mass, presumably the undigested reticular

retwork and capsule. Viable cells were centrifuged through a
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Percoll gradient, and the cells ()95% viable) were plated and
cultured as usual. Two hours after isco<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>