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ABSTRACT

Infection w ith herpes sim plex virus (HSV) suppresses m ost 
cellular gene expression rapidly in the early stage of virus infection. 
However, this virus also increases gene expression from a few cellular 
genes such as those encoding heat shock proteins. It is not clear how 
such effects occur.

Alu repeats were induced at the transcriptional level by the action 
of HSV immediate early (IE) protein ICP27. This effect was m ediated 
through increasing the activity of transcription factor IIIC (TFIIIC) 
which is the lim iting factor for RNA polym erase III (polIII) 
transcription. This increased activity of TFIIIC appeared to occur by 
increasing its abundance. Also, other viral transactivators such as 
adenovirus (Ad) E1A protein, pseudorabies virus (PRV) imm ediate- 
early protein, and hum an immunodeficiency virus (HIV) Tat protein 
showed the same effect on the expression of Alu repeats to that seen in 
HSV infection. On the other hand, HSV also produced profound effects 
on the RNA polymerase II transcription system. HSV increased the 
activity of a few cellular transcription factors such as AP-1 and NFkB. 
In contrast, no increase in the activity of several other transcription 
factors such as Oct-1, Spl, or ATF was observed. The up-regulation of 
AP-1 activity appeared to occur through increasing the concentration of 
c-Jun and possibly c-Fos probably at the transcriptional level by the 
action of the HSV IE protein ICPO.

The significance of the induced pol III gene expression during 
infection with various viruses is discussed. Also, it is suggested these 
HSV-induced cellular proto-oncogenes play a role in the regulation of 
viral and cellular gene expression during  lytic infection, and 
particularly during the processes of cell transform ation and herpes 
virus latency.
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ABBREVIATIONS

The abbreviations are used in this thesis according to the "Policy of 
the Journal and Instructions to Authors" of the Biochemical Journal. 
(1989) 257,1-21.

A adenosine
Ad adenovirus
AP-1 activator protein 1
ATF activation transcription factor
ATP adenosine triphosphate
bp base pairs (of DNA)
BSA Bovine serum  album in
C Cytidine
C/EBP CCAAT/Enhancer Binding Protein
cAMP cyclic adenosine m onophosphate
CAT chloramphenicol acetyl transferase
CTF/NF1 CCAAT (binding) Transcription Factor/Nuclear Factor
dATP 2'-deoxyadenosine triphosphate
dCTP 2'-deoxycytidine triphosphate
DMSO Dim ethylsulphoxide
DNA Deoxyribonucleic acid
DNase Deoxyribonuclease
dNTP 2'-deoxynucleotide triphosphate
DTT i dithiothreitol
EBER Epstein-Barr virus-encoded small RNA
EDTA Ethylenediaminetetraacetic acid, disodium salt
EtOH Ethanol
G G uanosine
GTP Guanosine triphosphate
HBV hepatitis B virus
HCMV hum an cytomegalovirus
Hepes Hydroxyl piperazineethanesulphonic acid
HIV hum an im m unodeficiency virus
HPV hum an papillom a virus
HSP . heat shock protein
HSV herpes simplex virus
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ICP infected cell protein
ICR internal control region
IE immediate early
IPTG Isopropyl p-D-thiogalactopyranoside
kb kilobase pairs of DNA
LTR long terminal repeat
m in  m inu tes

; m.o.i. multiplicity of infection
m R N A  Messenger RNA
Oct-1 octamer-motif-binding protein
PBS Phosphate Buffered Saline
PCV Packed Cell Volume
PEG Polyethylene glycol
pfu plaque forming unit
polIH RNA polymerase III
PRV pseudorabies virus

RNase Ribonuclease
R N A  Ribonucleic acid
SDS Sodium dodecyl sulphate
Spl Stimulatory protein 1
SV40 simian virus 40
T T hym idine
TAR trans-activation region
TBE Tris-borate buffer
TEMED N ^ N ^ N '-te tram e th y le th y len e  diam ine
TF Transcription factor
TLC thin layer chromatography
Tris Tris(hydroxym ethyl)am inom ethane
tR N A  transfer RNA
ts tem perature sensitive
VA  Viral Associated
VZV varicella-zoster virus
w t wild type
X-GAL 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside
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CHAPTER 1 INTRODUCTION

In this chapter, some basic knowledge related to the project will be 
introduced. Initially, as the investigation of the effects of HSV infection on 
cellu lar gene expression is the m ain subject of this thesis, some 
contemporary information about HSV is discussed. The regulation pattern 
of viral gene expression is described, and especially the immediate early 
stage of gene expression is emphasized. Also, a few cases of cellular gene 
induction by HSV infection are described.

Secondly, to correlate and compare the regulatory actions of HSV 
im m ediate early proteins to the other viral transactivators, some well 
characterized viral proteins such as adenovirus E1A, pseudorabies IE 
protein, SV40 T antigen, and HIV Tat are introduced. The regulatory 
actions of these transactivators on viral and cellular gene expression and 
the possible mechanisms by which these occur are stressed.

The th ird  and fourth sections introduce respectively transcription by 
RNA polymerase III and the Alu repeated element. As most cellular genes 
em ployed in this study are transcribed by RNA polym erase III, it is 
necessary to understand the pol III system. The pol III promoters, polIII 
transcrip tion  factors IIIA, B, and C, and their assem bly pattern  for 
transcription are described. Also, as Alu repeats are selected as a model 
system for investigating the effects of HSV infection on the expression of 
cellular pol III genes, their structure, expression, and possible functions in 
the norm al cells are described.
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1.1 HERPES SIMPLEX VIRUS

1 .1 .1  Regulation of viral gene expression

Herpes simplex virus type 1 (HSV-1) has a large, linear double
stran d ed  DNA genom e of 150 kb w hich is p red ic ted  to encode 
approxim ately 70 distinct proteins (McGeoch et a l, 1985). HSV-2 has a 
similar arrangem ent of genes and its pattern of gene expression is almost 
the same as that of HSV-1 (reviewed in Spear and Roizman, 1980). Based 
on their requirem ents for expression and patterns of accumulation, viral 
genes have been differentiated into three groups i.e. im m ediate-early, 
early, or late (or a, b or g, respectively) (Clements et a l, 1977; Jones and 
Roizman, 1979). During productive infection, the synthesis of virally- 
encoded proteins is regulated in a cascade fashion, prim arily  at the 
transcriptional level (Fig.1-1; Clements et a l ,1977; Jones and Roizman, 
1979).

The immediate early (IE) phase of viral gene expression is specifically 
and potently activated by a component of the infecting virion, called VP16 
or Vmw65 (Campbell et a l, 1984). This activation does not require de 
novo protein synthesis. (Post et a l, 1981). The properties of each IE 
protein and their role in regulating early and late gene expression will be 
described in detail later. Expression of the subsequent classes of viral 
genes requires one or more IE gene product (Wagner, 1972; Swanstrom et 
al, 1975). The early or delayed-early (DE) genes are expressed prior to the 
onset of viral DNA synthesis (Wagner, 1972; Swanstrom et a l, 1975). The 
genes that code for the DE mRNAs are scattered throughout the HSV-1 
genome (Wagner, 1985) and several gene products of this class function in 
viral DNA synthesis (Hoffman and Cheng, 1978; W agner, 1985). After the 
onset of viral DNA synthesis, late mRNAs begin to accum ulate in the 
cytoplasm. Late viral genes have been d iv ided  in to  tw o subclasses 
according to the degree to which they require viral DNA synthesis for 
their transcriptional activation. Early-late (lyl) genes are expressed at only 
slightly reduced levels in the absence of viral DNA synthesis w hilst 
expression of the true-late (\y-2) genes depends upon prior viral DNA 
synthesis (Holland et a l, 1980).

3
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Fig. 1-1. Life cycle of HSV-1 (adapted from Latchman, 1990).

4



1 . 1 . 2  HSV immediate early genes

There are five IE genes all of which are m apped on the genome at or 
near the long and short repeat regions (Fig. 1-2 ; Clements et al.,1977). The 
expression of these IE genes is activated by a virion component, Vmw65. 
This activation is known to require cis-acting DNA sequences that occur 
upstream  of IE genes (Post et al., 1981). A variety of different reports have 
u n d ersco red  the im portance  of a nonanucleo tide  sequence, 5'- 
TAATGARAT-3' (R=purine), common to the upstream  regions of each of 
the five IE genes (Mackem and Roizman, 1982a, b; O 'Hare and Hayward,
1987). Recent studies showed that Vmw65 forms a complex with Oct-1 
which is a ubiquitous octamer-motif-binding protein (also called OTF-1, 
OBPIOO, and NFIII) and other cellular factors (Gerster and Roeder, 1988; 
O'Hare and Goding, 1988; Preston et a l, 1988). This complex then binds to 
the TAATGARAT sequences in the IE prom oters w ith m uch higher 
affinity than does Oct-1 alone, resulting in trans-activation of the gene 
(Campbell et al., 1984; O'Hare and Golding, 1988; Preston et a l, 1988).

1 .1 . 2.1 IE1 (ICPO, Vmw 110)

The gene for ICPO exists in two copies in the inverted-repeated regions of 
the genom e surrounding unique long region (Fig. 1-2). This gene, which 
specifies a spliced message consisting of three exons, encodes a polypeptide 
of 775 amino acid residues (110- to 120-kDa) (Ackerman et al., 1984; Perry et 
a l, 1986). The protein contains a positively charged series of amino acid 
residues probably  involved in nuclear localization as well as a

5



Fig. 1-2. Sequence arrangement of the HSV-1 genome and location of 
the IE genes. The genome is shown in the prototype arrangement 
(Roizman, 1979). The boxed regions represent the inverted repeat 
sequences ba and b'a' flanking the L (long) component and a'c' and 

ac flanking the S (short) component. Arrows indicate the location 
orientation of the genes encoding the IE proteins 1, 2, 3, 4, and 5.



zinc finger dom ain that is probably involved in DNA binding  and 
transactivation (Everett, 1987; Perry et ah, 1986).
Transfection experiments have dem onstrated that VmwllO can activate 
the expression of a large num ber of viral and heterologous prom oters 
both by itself and in a synergistic manner w ith the product of IE 
gene 3, Vmwl75 (Everett, 1984; 1986; 1988; O'Hare and Hayward, 1985 a, b). 
The structural integrity of at least five regions of the polypeptide are 
im portant for its intrinsic and synergistic activation effects (Everett, 1987). 
In particular, a potential zinc finger dom ain is crucial for Vm wllO 
function (Everett,1989).

Contradictory to its potent and prom iscuous trans-activating ability 
in transfection assays, ICPO exhibits no detectable up-regulatory activity in 
cells infected with an ICP4 deletion mutant, in which both ICPO and ICP27 
are expressed (DeLuca and Schaffer, 1988). Moreover, unlike ICPs 4 and 27, 
the product of ICPO is not absolutely essential for virus growth in tissue 
culture. Viruses w ith m utations in both copies of this gene can grow in 
normal cell lines at a high multiplicity of infection (m. o. i.) (Everett, 1987, 
1989; Stow and Stow, 1986; Sacks and Schaffer, 1987). The m ost obvious 
phenotype of viruses lacking the IE gene 1 is that they form poor plaques, 
particularly in certain cell lines, at a low m. o. i. (Stow and Stow, 1986; 
Sacks and Schaffer, 1987). The defect in replication and plaque formation 
can be overcome by co-infection or superinfection w ith another herpes 
virus, hum an cytomegalovirus (HCMV) and varicella-zoster virus (VZV) 
(Stow and Stow, 1989).

Everett (1989) tried to explain this inconsistency betw een the clear 
role of Vm wllO in gene regulation in transfection system s and  its 
apparently  dispensable role during virus infection in tissue culture by 
analysing IE and total viral gene expression during both high and low 
m ultiplicity infection. The m utant viruses expressed similar am ounts of 
v iral polypeptides to those of w ild-type d u ring  high  m ultip licity  
infections, but at a low m.o.i., VmwllO m utants reduced viral polypeptide 
synthesis. It is not clear w hy the major HSV-1 regulatory polypeptide, 
Vm wl75, is not sufficient to activate full gene expression from  later 
classes of viral prom oters at a low m ultip licity  of infection. This 
observation could reflect the synergistic activation of gene expression by
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VmwllO and Vmwl75 seen in transfection assays. Alternatively, VmwllO 
may perhaps stimulate the IE-3 promoter (O'Hare and Hayward, 1985 a, b) 
beyond the levels achieved by the virion activator Vmw65 (Campbell et 
al., 1984) to produce enough Vmwl75 to ensure entry into the lytic cycle. 
Either mechanism could explain the evolutionary advantage of VmwllO 
since natu ra l infections in vivo are often likely to initiate at a low 
m ultiplicity.

ICPO also appears to be involved in reactivation of HSV from latency. 
It has been found that viruses which lack V m w llO  are unable to 
stim ulate latent viral genomes to reactivate in an in vitro latency system 
(Leib et al., 1989). M oreover, adenovirus recom binants tha t express 
VmwllO or VmwllO alone can reactivate latent HSV-2 indicating ICPO is 
directly  involved in this process (Harris et a l, 1989). This idea was 
supported by the finding that HSV-1 VmwllO plays a critical role in the 
de novo synthesis of infectious virus (Cai and Schaffer, 1989).

1 .1 .  2 .2  IE2 (ICP27, Vmw63)

Genetic studies have indicated that the 63-kDa ICP27 is involved in 
the regulation of expression of HSV-1 genes and is essential for lytic 
infection (Sacks et a l, 1985). HSV-1 m utants with tem perature-sensitive 
(ts) lesions in the ICP27 gene exhibit reduced expression of many] y-1 genes 
and are unable to induce expression of j y-2 genes at the nonperm issive 
tem perature (Sacks et a l, 1985; McCarthy et a l, 1989). The defects in y gene 
expression are not due to defects in viral gene DNA replication, because 
the ts m utants replicate their DNA nearly as well as the wild-type (wt) 
virus does. The alterations in viral protein synthesis appeared to occur at 
the level of transcription (McCarthy et al, 1989).

Transient-expression experiments have also provided evidence that 
ICP27 m odulates HSV-1 gene expression. ICP27 can transactivate several 
prom oters from HSV-1 late genes (Everett, 1986; Rice and Knipe, 1988; Su 
and Knipe, 1989). In most cases this effect requires coexpression of ICP4 
a n d /o r  ICPO; how ever, under certain conditions ICP27 alone can 
transactivate the gB prom oter (Rice and Knipe, 1988). ICP27 can also 
negatively affect the expression of several HSV-1 ja, p, and y prom oters in >
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transfection assays (Su and Knipe, 1989). In most cases, however, ICP27 
has little or no effect on the basal expression of these prom oters but rather 
acts to block the ability of a cotransfected ICP4 or ICPO gene to induce 
expression from the promoters. On the other hand, it has been shown, at 
least in a case, that ICP27 can activate cellular expression by itself (Estridge 
et a l , 1989)

Recently, it has been reported that ICP27 possesses separable positive 
and negative regulatory activities which reside in the carboxy-terminal 
half of ICP27 (Rice et al., 1989; Hardwicke et a l, 1989). Furthermore, two 
transactivation dom ains have been identified; one which stimulates j y-1 
gene expression and a second one required for | y_2 gene induction (Rice 
and Knipe, 1990). Analysis of the DNA sequence showed that there are a 
num ber of cysteine and histidine residues encoded by this region which 
have some sim ilarity to zinc m etal b inding  regions found in other 
eukaryotic regulatory proteins and which have been show n to act as a 
DNA binding dom ain (Rice et a l, 1989; Hardwicke et a l, 1989).

1 .1 .  2 . 3 IE3 (ICP4, Vmwl75)

ICP4 is the most highly characterized HSV immediate early protein. It 
is localized to the nucleus of infected cells (Courtney and Benyesh- 
Melnick, 1974), w here it accumulates in discrete subnuclear regions or 
compartments engaged in viral DNA synthesis and gene expression. At 
least th ree  pho sp h o ry la ted  form s of ICP4 are ev iden t on SDS 
polyacrylamide gels (Wilcox et a l, 1980).

ICP4 plays a central role in the regulation of viral gene expression 
(Courtney and Benyesh-Melnick, 1974; Honess and Roizman, 1974) . From 
the study  of v irus strains containing tem perature-sensitive (Preston, 
1979a; Dixon and Schaffer, 1980), deletion (DeLuca et a l, 1985; DeLuca and 
Schaffer, 1988), and nonsense (DeLuca et a l, 1985; DeLuca and Schaffer,
1988) m uta tions in the v iral genes encoding ICP4, it has been 
dem onstrated that ICP4 is required for the transcriptional stim ulation of 
m any HSV-1 early and late genes and also for the autoregulation of its 
own synthesis. These activities are consistent with the results of transient 
expression studies which show that ICP4 transactivates a variety of HSV
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early and late gene prom oters and negatively regulates expression from 
its ow n prom oter (DeLuca and Schaffer, 1985; Everett, 1984; O 'Hare and 
Hayward, 1985 a, b).

The mechanism by which ICP4 regulates gene expression is not yet 
clear. Incubation of relevant DNA with HSV-infected cell extracts (Kristie 
and Roizman, 1986 a,b) or partially purified preparations of ICP 4 (Farber 
and Wilcox, 1988 ) can result in the form ation of stable protein-DNA 
complexes and this binding promotes transcription in vitro (Beard et a l, 
1986; Farber and Wilcox, 1988). Recently, it has been show n that the ICP4 
binding sites contain a consensus sequence, ATCGTC (Beard et a l, 1986; 
Tedder, 1989; Kattar-Cooley and Wilcox, 1989). The general significance of 
such b inding  to the m echanism  of activation of the early and late 
p rom oters rem ains unclear, although partia l pep tides of the ICP4 
molecule which retain the ability to form specific DNA-protein complexes 
retain regulatory activity , and those which do not form such complexes 
are inactive (DeLuca and Schaffer, 1988). A recent report, which made the 
situation m ore complicated, dem onstrated that the binding activity of 
ICP4 is not always sufficient for its regulatory activity and that activation 
of early gene prom oters can occur w ithout the binding of ICP4 to the 
recognition sequences (Patterson et a l, 1990).

Yao and Courtney (1989) recently found detectable amounts of ICP4 
w ithin the tegum ent region of the virion and dem onstrated that ICP4 was 
associated with the virions. The functional role of Vmwl75 during viral 
replication is yet to be answered , but it has been suggested that it may be a 
m inor structural component of the virus tegum ent, or more interestingly, 
tha t it acts as a trans-inducing factor like VP16 (Vmw65) (Yao and 
Courtney, 1989).

Analysis of the HSV-1 ICP4 prim ary  am ino acid sequence and 
comparison with that of the analogous protein of the related herpesvirus 
varicella-zoster virus (VZV) indicates the existence of five highly 
conserved intramolecular domains (McGeoch et a l, 1986). Consistent with 
this analysis is the observation that VZV IE 175 can complem ent ICP4 
m utants of HSV-1 (Felser et a l, 1988). Furtherm ore, ICP4 of HSV-1 can 
substitute for the major transactivating protein of adenovirus, called El A 
(Trem blay et a l, 1985), even though the two proteins have no close
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sequence homology. Therefore, ICP 4 is a crucial viral transactivator 
w hose role in HSV replication is similar to other major viral regulatory 
proteins, such as E l A of adenovirus, pseudorabies virus imm ediate early 
protein, and T antigen of SV40.

1 . 1 . 2  . 4 IE4 (ICP 22, Vmw68) and IE 5 (ICP47, Vmwl2)

The apparent molecular weight of ICP22 is 72kDa (Post and Roizman, 
1981) and  its 5' regulatory  dom ain encom passes one of the tw o S- 
com ponent origins of DNA synthesis in the HSV genome (Preston et al., 
1984). Studies with a HSV-1 m utant carrying a m utation in the I C P 2 2  
gene show ed that this gene is dispensable for virus grow th in m ost cell 
types (Post and Roizman, 1981). However, in rodent cell lines exemplified 
by the Rat-1 line, p lating  efficiency was reduced  and grow th  was 
m ultip lic ity  dependen t (Sears et ah, 1985). There was no significant 
difference in the total accumulation of viral DNA but the shutoff of b 
proteins was delayed and the duration of the synthesis of g proteins was 
extended in m utant-infected cells relative to cells infected with the wild 
type paren t (Sears et ah, 1985). The observed disparity  of its grow th 
properties in various cell lines suggests that ICP22 specifies a function that 
com plem ents one or more host functions required for expression of late 
(g2) genes and that these functions are provided by some cells but not by 
others (Sears et ah, 1985)

Several virus m utants with lesions in the ICP47 coding region are 
viable, stable and grow  in all cell lines tested indicating ICP47 is not 
essential for virus grow th (Umene and Enquist, 1985; Longnecker and 
Roizman, 1986; Umene, 1986). Unlike the four other IE proteins induced 
by  HSV-1, ICP 47 is a relatively small protein w ith a molecular weight of 
12kDa and is not detectably phosphorylated (M arsden et ah, 1982). This 
protein is found predominately in the cytoplasm of infected cells (Preston, 
1979a) whereas the other four IE proteins are detected ) in the nucleus . 
Therefore, if ICP47 has a regulatory role, for example in the inhibition of 
m acrom olecular synthesis, it m ight be different from that of the other IE 
polypeptides.



The products of IE4 and IE5 genes are not necessary for virus growth 
in most cell lines tested so far. However, the existence of these seemingly 
unessential genes in the virus genome may be rationalized on the basis of 
the ability of HSV to infect a wide variety of hosts and to establish latency. 
It is conceivable that the function of these gene products is to complement 
functions missing in some cells infected by HSV in its natural host.

1 . 1 . 3  Effects of virus infection on cellular gene expression 
1 . 1 . 3 . 1  General effects

HSV infection deduces the abundance of host mRNAs and results in 
the shutoff of protein synthesis in a variety of cell types (reviewed in 
Fenwick, 1984). The m echanism  by w hich this occurs is not fully 
understood, but it m ight occur in two stages (Fenwick, 1984); the early 
(primary) stage mediated by a virion component(s) in the absence of viral 
protein synthesis and the late (secondary) stage reducing the remaining 
levels of host protein synthesis in the presence of viral gene expression. 
In Vero cells, both  the shutoff of host pro tein  synthesis and the 
degradation of host mRNA are m ediated by the same virion-associated 
function in the absence of viral gene expression (Inglis, 1982; Kwong and 
Frenkel, 1987). mRNA in polysomes, as well as nonpolysom al mRNA, is 
susceptible to virion-induced degradation (Strom and Frenkel, 1987). Host 
mRNA degradation may be responsible for the dissociation of host 
polyribosom es (Strom and Frenkel, 1987). In HSV-infected Friend 
erythroleukem ia cells, however, the synthesis of globin is arrested by a 
virion function (early stage), whereas host mRNA degradation appears to 
require the expression of viral genes (late stage) (Nishioka and Silver stein, 
1978).

It was possible to characterize the virion host shutoff (vhs) function 
in detail by the isolation of vhs m utants (Read and Frenkel, 1983). Unlike 
the wild-type virus, all of these m utants were deficient in their ability to 
degrade pre-existing mRNA in the absence of viral gene expression 
(Kwong and Frenkel, 1987; Strom and Frenkel, 1987). However, the vhs 
m utants are not altered with respect to the secondary shutoff function. 
W hen viral gene expression is allow ed, cellular pro tein  synthesis is



turned off, although in a delayed and incomplete m anner (Kwong and 
Frenkel, 1987; Read and Frenkel, 1983). The vhs function has been 
m apped to a 265-bp Nrul-Xmain fragment spanning map coordinates 0.604 
to 0.606 of the HSV-1 genome (Kwong et al., 1988). Recently, it has been 
dem onstrated that the vhs function interacts irreversibly w ith a cellular 
component, causing a progressive and irreversible shutoff of host protein 
synthesis (Kwong and Frenkel, 1989).

1 . 1 . 3  .2 Selective induction of cellular gene expression by HSV

A lthough  HSV infection shu ts off m ost of the  cellular gene 
expression as m entioned above, recent studies have show n that the 
synthesis of some proteins such as the histones are not repressed by HSV 
infection (Mayman and Nishioka, 1985), while others such as the heat 
shock proteins (La Thangue et al., 1984), Sm (Sharpe et al., 1989) and 
estrogen receptor (Offord et al., 1989) actually increase in abundance 
during infection. Most of these cellular genes are activated at the level of 
transcription (Kemp and Latchman, 1988a,b; Kemp et al., 1986; Patel et al.,
1986).

The induction of cellular genes can occur at several different stages of 
virus infection depending on the specific genes. Some cellular genes are 
induced by events occurring prior to the onset of viral protein synthesis, 
in particular by binding of the virus to the cell surface and cellular entry of 
the virion (Kemp et al. 1986). The HSV virion protein Vmw 65 (Vpl6) 
and the cellular octamer-binding protein Oct-1 complexes could bind to 
the octamer sequence motif found in several cellular genes (Falkner et a l ,
1986) by a sim ilar m echanism  to the b inding  of complexes to the 

jTAATGARAT element in the HSV IE gene promoters (O'Hare and Goding, 
1988; Patel et al., 1986). Such binding to cellular gene prom oters results in 
the transactivation of some but not all of the octamer containing cellular 
genes both during viral infection and after transfection of Vmw65 (Kemp 
and Latchm an, 1988b; Latchman et al., 1989; O’H are and Goding, 1988; 
Preston et al., 1988).

H ow ever, the majority of such genes are dependent upon viral 
protein synthesis for their induction. Everett (1985) dem onstrated that
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cellular prom oters integrated into the host genom e can be activated 
during viral infection, and that this process requires IE gene expression. 
Among HSV IE proteins, ICP4 appears to play the most im portant role in 
the induction of cellular genes as it does in the regulation of viral gene 
expression (Kemp and Latchman, 1988 a,b). A lthough the m echanism by 
which these viral transactivators induce cellular gene expression is not 
clear, it is conceivable to guess that HSV IE protein may induce cellular 
gene expression in a sim ilar m echanism  to those of o ther viral 
transactivators such as adenovirus E1A (review ed in  Berk, 1986), 
pseudorabies IE protein (for example, Abmayr et al., 1985), and SV40 T 
antigen (for example, Singh et a l, 1985a,b).

HSV is a candidate for the induction of prem alignant or m alignant 
disease (review ed in M acnab, 1987). In sp ite  of m uch w ork, the 
m echanism  of oncogenic transform ation by HSV is as yet unknow n. 
Morphological transform ation studies have failed to dem onstrate a viral 
oncogene, a virus-coded transform ing protein or any sequence of DNA 
that uniquely transforms cells (Galloway et a l, 1984; Jariwalla et a l, 1986). 
Therefore, it was proposed that HSV can transform cells by a 'hit and run1 
mechanism , i.e. transient exposure of virus leading to transform ation 
w ithout leaving any viral DNA or transcripts in the cell (Galloway and 
McDougall, 1983). Interestingly, the cellular polypeptides expressed at high 
levels in  ra t cells transform ed by HSV or o ther v iruses and in 
im m ortalised  cell lines also accum ulate on  herpes sim plex v irus 
infection, bu t not in prim ary or secondary ra t cell cultures studied as 
controls (Macnab et a l ,1985; La Thangue and Latchm an, 1988). These 
findings imply the possible role of HSV-induced cellular gene products in 
oncogenic transform ation as well as in lytic infection processes. In 
addition, after a prim ary infection, HSV can rem ain in a latent state in 
sensory ganglia for the life of the individual (Stevens, 1989; Latchman, 
1990). The latency state of HSV infection can be repeatedly reactivated by 
stimuli such as stress, heat, UV light exposure, etc. Although a few latency 
associated transcripts (LTAs) have been found by several investigators, 
these are not necessarily required for establishm ent and reactivation of 
latency state of virus infection (Steiner et a l, 1988). Therefore cellular gene 
products induced in HSV-infected cells or in HSV-transformed cells could
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play  an im portan t role in the in itiation  and m aintenance of both  
transform ation and latency.



1 .2  VIRAL TRANS ACTIVATORS

D uring the last decade there have been m any breakthroughs in the 
field of m olecular biology, especially in the understand ing  of the 
mechanism of gene regulation. Now it is possible, at least in a few cases, to 
describe how a gene is regulated in a certain tissue or cell type under 
particular conditions (for reviews, Mitchell and Tjian, 1989; Johnson and 
McKnight, 1989). The animal viruses have been of great value in the 
analysis of gene regulation in eukaryotic cells because of their relative 
simplicity, ease of manipulation, and utilization of cellular transcriptional 
components. Many of these animal viruses produce the im m ediate early 
(IE) proteins, whose synthesis early in the infection cycle is essential for 
the subsequent transcription of viral genes. They include the E1A protein 
of adenovirus, the ICP4 protein of herpes simplex virus (HSV), the IE 
protein of pseudorabies virus (PRV), the T antigen of sim ian virus 40 
(SV40), and a few other viral immediate early proteins whose function in 
the viral replication cycle is poorly understood. The studies of these IE 
pro teins have provided good clues for the understand ing  of other 
transcription factors.

An approach which has been used to understand the role of the viral 
regulatory proteins is to infect cells with the wild type virus and then to 
observe any changes in the pa ttern  of viral and  cellular gene 
expression. The results of experiments of this type can be supported by 
experiments where a m utant strain is used for infections whose regulatory 
gene has a lesion(s) and is therefore not functional. H ow ever, this 
approach presents certain problems because of the cytopathic effects of the 
infection. Host cell macromolecular synthesis is often rapidly  disrupted, 
especially by the herpesviruses, such that one can be never be certain that 
these side effects are not contributing to the phenotype of transcriptional 
control. Furthermore, in the interpretation of a m utant phenotype it is 
not possible to know if the observed effect is due to the prim ary action of 
the protein  affected by the m utation. To overcome these problem s of 
interpretation and to simplify the study of the interactions of both these 
regulatory and regulated genes, several investigators started using DNA



transfection systems which can mimic, at least in part, the effect of the 
viral IE protein in vivo. In addition, developm ent of in vitro assay 
techniques makes it possible to directly test the proposed regulatory 
functions of these transactivators.

There are several lines of evidence indicating that viral IE proteins do 
not act directly on the targeted genes (reviewed in Kingston et a/.,1985; 
Berk, 1986). Early studies showed that IE proteins do not appear to be 
gene-specific in regulating gene expression in in vitro systems (Ferguson 
et a l, 1985). No specific prom oter sequences of the target genes have been 
identified that are uniquely involved in transcriptional stimulation by the 
IE proteins. In addition, only those sequences that also affect basal levels 
of transcription appear to be necessary for the action of the im m ediate 
early proteins (Berk,1986). Secondly, IE proteins can exert their stimulatory 
function even w ithout apparent binding to the target DNA sequences 
(Ferguson et a l, 1985; Kristie and Roizman, 1986a,b). Third, extensive 
mutagenesis studies of adenovirus early prom oters has revealed that the 
sequences required for the E lA -induced transcriptional levels of these 
genes appear to be binding sites for transcription factors that are found in 
uninfected cells (H urst and Jones., 1987;Lee et al, 1987b; Kovesdi et a l,
1987). In addition to these pieces of finding, several studies indicate that a 
few IE proteins may overlap in function although they differ in molecular 
w eight and no extensive regions of homology have been found at the 
DNA sequence level. For example, both the IE protein of pseudorabies 
virus and the ICP4 protein of herpes simplex virus can substitute for El A 
function in the El A deficient m utant dl312 (Feldman et a l, 1982; Tremblay 
et a l, 1985), and they m ay actually function m ore effectively in the 
stim ulation of transcription from adenovirus prom oters than E l A itself 
(Imperiale et a l, 1983; Green et a l, 1983). Also, both pseudorabies virus 
and cytom egalovirus (another herpes virus) can provide the function 
required to stimulate expression of a herpes simplex virus delayed early 
(12) gene (O'Hare and H ayw ard , 1984).

How then do these IE proteins act on viral and cellular promoters? 
One possibility is that these proteins play their regulatory actions through 
cellular proteins. On the basis of this idea, three possible mechanisms 
have been suggested. First, IE proteins may function by increasing the
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level of a limiting transcription factor. Second, IE proteins m ay m odify a 
transcription factor, such that its functional properties are altered. This 
could increase the rate of formation of a stable transcription complexes on 
the DNA (Hawley and Roeder, 1985). Lastly, regulation m ay depend in 
some way on the neutralization of a negatively acting factor. In all cases, 
IE proteins could be operating directly upon positive or negative factors 
(or other genes), or indirectly via additional cellular interm ediates. The 
follow ing section introduces some of the well characterized viral IE 
proteins and their effects on the expression of viral and cellular genes.

1 . 2 . 1  A denovirus E1A

E1A proteins play an essential role in the life cycle of adenovirus. The 
diverse E l A activities are m ediated by two different proteins which are 
derived from a single E1A pre-mRNA through differential splicing (Berk 
and Sharp, 1978). The products of the 13S mRNA are known to activate 
transcrip tion of the early viral genes and a variety of cellular genes 
(reviewed in Berk, 1986). On the other hand, the products encoded by the 
12S mRNA which have been shown to repress transcription of both viral 
and cellular genes appear to act through the enhancer elements (Borrelli 
et a l,1984; Lillie et a l, 1987; Stein and Ziff, 1987). Recently, the function of 
E l A has been m apped to three conserved regions (reviewed in Moran and 
M athew, 1987; Lillie et a l, 1987; Moran et a l, 1986). Region 3 is sufficient 
for E lA -m ed ia ted  transactivation  and is found  only in the 13S 
mRNA(reviewed in Flint and Shenk, 1990), whereas regions 1 and 2 are 
requ ired  for cellular transform ation, transcrip tional repression, and  
induction of cellular DNA synthesis (Lillie et a l, 1987; Moran et a l, 1986). 
Regions 1 and 2 are contained in both 12S and 13S mRNA.

Furtherm ore, it has been reported that the region 3 contains two 
separable activities (Lillie and Green, 1989). The N -term inal portion 
contains a transcriptional activating region, functionally analogous to that 
of a typical cellular activator (reviewed in Ptashne, 1988; Mitchell and 
Tijan, 1989) whereas the C-teminal portion contains a "promoter binding" 
function, required to direct E1A to its natural targets, the adenovirus early 
prom oters. The activity of both  the transcrip tional activating  and
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prom oter binding regions depends upon a central portion of region 3 that 
includes a metal binding site ( Lillie and Green, 1989).

The E l A protein can stim ulate the transcrip tion of a variety of 
transfected genes. W hen rat preproinsulin I gene and fi-globin gene are 
transfected into cells expressing the E1A protein , their transcription 
becomes regulated by the E1A protein (Gaynor et al., 1984; Green et a l, 
1983). However, the endogenous preproinsulin and P globin genes are not 
activated and actually the transcription of the vast majority of endogenous 
genes is not increased in adenovirus-infected cells (Babich et al., 1983). On 
the other hand, transcription of a small num ber of specific endogenous 
genes, including the hsp-70 heat shock gene (Kao and Nevins, 1983; Wu et 
a l,1987a) and |3-tubulin gene (Stein and Ziff, 1984) is actually stimulated by 
E l A protein  after adenovirus infection. The reasons for the different 
responses of endogenous globin and heat shock genes to the El A products 
are not clear.

The mechanism of the El A action on cellular genes is not clear, but it 
appears to act through cellular transcription factors, either by altering the 
level of a limiting factor or by modifying an existing factor to alter its 
activity  (review ed in K ingston et a l, 1985). The latter possibility is 
supported by the dem onstration that a bacterially produced El A protein 
stim ulated  in v itro  transcrip tion w hen added  to HeLa cell extracts 
(Spangler et a l, 1987). Several cellular factors involved in E1A trans
ac tiva tion  have been proposed . E lA -m ed ia ted  in duction  of the 
adenovirus E2 transcription unit probably involves the post-translational 
activation of a limiting cellular factor term ed E2F (Kovesdi et a l,1987; Yee 
et a l,  1987), whereas the induced cellular E4F factor is likely to be 
responsible for the induction of E4 (Raychaudhuri et a l, 1987). The E2F 
factor also m ediates E lA -dependent trans-activation of the hum an myc 
prom oter (Hiebert et a l, 1989). A num ber of studies have implicated the 
involvem ent of the cellular activating transcription factor (ATF) in the 
E l A transcriptional response (reviewed in Flint and Shenk, 1990). For 
example, the ATF sites in the adenovirus E4 prom oter are required for 
E1A responsiveness, and an E4 DNA fragm ent containing two ATF sites 
can confer E1A inducibility  onto  a heterogous gene (G ilardi and 
Perricaudet, 1986; Lee and Green, 1987). Moreover, it has been reported
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that E1A interacts w ith a discrete region of prom oter-bound ATF-2, 
thereby positioning the El A activating region at a viral prom oter (Liu and 
Green, 1990). E l A also transcriptionally induces API in synergy w ith 
cAMP and increases the transcriptional activity of TFIID (Lee et al., 1987a)
. Therefore, E1A m ust be acting through activation of m ultiple prom oter 
specific binding proteins.

1 . 2 . 2  Pseudorabies virus IE

Pseudorabies virus (PRV), a m em ber of the herpesvirus group, 
encodes a single 180 Kd IE protein that is required for transcription of PRV 
early and late genes (Ihara et al., 1983). This IE protein functions at the 
level of transcription (Feldman et al., 1979; Ihara et a l, 1983). The PRV-IE 
protein has an activity similar to that of the adenovirus El A protein, since 
it can induce the transcription of early adenovirus genes in HeLa cells 
infected w ith both PRV and dl312, an E1A deletion m utant of adenovirus 
(Feldm an et a l ,1982). They also show a sim ilar pattern  in stim ulating 
transcription of several cellular genes ( Green et a l, 1983).

T herefore the PRV IE pro tein  m ay act th rough  the cellular 
transcription factors as the E1A protein does. Abmayr et al. (1985, 1988) 
dem onstrated that the PRV IE protein stimulates transcription by directly 
or indirectly altering the activities of cellular transcription factors and not 
by increasing the amounts. Partially purified PRV IE protein stim ulated 
transcriptional initiation by RNA polymerase II and associated factors in 
HeLa nuclear extracts in vitro. Furtherm ore, an in v itro  nucleosom e 
assem bly system  was used to show that the PRV IE protein stimulates 
TFIID binding to prom oter sequences (Workman et al., 1988). Therefore, 
the PRV IE protein may stimulate gene expression by accentuating the rate 
or extent of form ation of a preinitiation complex involving the TATA 
factor th rough  facilitating TFIIDiprom oter in teractions lim iting for 
transcription (Abmayr et al., 1988).
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1 . 2 . 3  SV40 T antigen

T antigen, the prim ary regulatory factor of simian virus 40 (SV40), 
has pleiotropic effects that contribute to the viral life cycle and to 
neoplastic  transform ation (Livingston and Bradley, 1987). For both 
processes, T antigen alters norm al host cell regulation. For example, T 
antigen stimulates cellular DNA synthesis (Chou and M artin, 1975) and 
causes G1-arrested cells to enter S phase (Soprano et al., 1979). T antigen 
also affects the steady-state levels of cellular RNA species (Singh et al., 
1985a,b) including thym idine kinase (Stewart et al., 1987) and enhances 
rRNA synthesis by RNA polymerase I (Soprano et a l, 1979).

M odulation of the activity of cellular trans-acting factors is a major 
mechanism by which T antigen alters cellular gene regulation The cellular 
transcrip tion  factor AP-2 is inactivated by T-antigen th rough  direct 
in teraction  (M itchell et al., 1987). T antigen also induces a SV40 late 
prom oter-activating factor, which is not found in uninfected cells (Beard 
and Bruggmann, 1988). Another cellular transcription factor, possibly AP- 
1, is induced or m odified by T-antigen to stim ulate viral late gene 
expression (Gallo et a l, 1988). Recently, Saffer et a l (1990) reported that T 
antigen altered the activity of the trans-acting factor, Spl at the mRNA 
level. M odulation of the activity of these transcription factors may play a 
im portant role in aiding the viral life cycle and in establishing neoplastic 
transform ation of infected cells. On the other hand, it has been shown that 
the T antigen can accomplish its effects through interactions w ith tum our 
su p p re sso r p ro te in s such  as p53 (M ontenarh  et a l ,  1986) and 
retinoblastoma susceptibility gene product (DeCaprio et al, 1988; Ludlow et 
a l, 1989).

Another SV40 protein, small t antigen also has the capacity to trans- 
activate selected RNA polymerase II and ni-requiring prom oters (Loeken 
et a l, 1988). It probably transactivates, at least in part, by m odifying the 
activity of selected cellular transcription factors.
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1 . 2 . 4  Others

In fection  w ith  hum an  cy tom egalov irus (HCMV) resu lts  in 
dramatically increased synthesis of cellular DNA and RNA (Tanaka et a l, 
1975). The increased levels of total cellular RNA in HCMV-infected cells 
apparently results from an induction of cellular RNA polymerases of all 
three classes (Tanaka et al., 1978). During perm issive infection, HCMV 
stim ulates the enzym atic activities of cellular thym idine kinase (TK) 
(Estes and Huang, 1977), ornithine decarboxylase (Isom, 1979), and DNA 
polymerases (Hirai and Watanabe, 1976). HCMV-infected cells accumulate 
transcripts from the stress responsive gene, hsp 70, and from the proto
oncogenes c-fos, c-jun, and c-myc, at the early times of HCMV-infection 
(Boldogh et a l, 1990). It is not clear whether HCMV IE protein is engaged 
in the induction of cellular genes m entioned above. But the finding that 
at least som e of the HCMV IE gene products have been found to 
complement Ad type 5 deletion m utant 312 (dl312), which is defective in 
the E1A gene indicates that they probably have similar activities.

Hum an papillomavirus type 16 (HPV-16) E7 gene, which is expressed 
at high levels in cervical carcinoma tissues, encodes a protein that is 
capable of transcriptional m odulation and cellular transform ation in a 
similar m anner to those of the adenovirus El A gene products (Phelps et 
a l, 1988).

The hepatitis B virus (HBV) X gene product (pX) is also known to 
transactivate transcription from m any viral and cellular gene prom oters, 
including the HBV core gene promoter, the HIV long terminal repeat, and 
the c-myc prom oter (Twu and Schloemer, 1987; Seto et a l, 1988; Twu et a l, 
1989). Because only a subset of the inducible promoters is transactivated 
in any particular cell line, it is proposed that pX may act through multiple, 
cell type specific transcription factors such as AP-1 and AP-2 (Seto et 
a l,1989,1990).
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1 . 2 . 5  HIV Tat

The hum an retrovirus HIV-1 encodes a num ber of novel regulatory 
genes (reviewed in Varmus, 1988). One of these, tat, encodes a potent 
transactivator which greatly increases gene expression from  the viral 
prom oter located in the long term inal repeat (LTR) (Arya et a l, 1985; 
Rosen et a l, 1985; Cullen., 1986; M uesing et a l, 1987). The Tat protein is 
localized in nucleus, especially in the nucleolus (H auber et al., 1987; 
Ruben et a l, 1989). Depending on the strain of HIV-1, this protein varies 
in length from  86 to 101 amino acids. Transfection experim ents have 
shown that only the first 58 amino acids are necessary for its trans
activation function (Seigel et a l, 1986). W ithin Tat, a cysteine-rich domain 
m odulates the trans-activation function, while a second stretch of basic 
amino acids dictates nuclear transport (Sadaie et a l, 1988; Ruben et a l, 
1989; Hauber et al, 1989).

The mechanism by which Tat trans-activates HIV-1 gene expression 
has been suggested to occur at several levels. Tat increases HIV-1 directed 
RNA levels dramatically through stim ulation of the rate of initiation of 
transcription ( Hauber et a l, 1987; Muesing et a l, 1987; Rice and Mathews, 
1988; Sadaie et a l, 1988) and the predom inant m ode of regulation by Tat 
appears to be transcriptional (Hauber et a l, 1987; Rice and Mathews; 1988; 
Jakobovits et a l, 1988; Jeang et a l, 1988; Sadaie et a l, 1988). Secondly, it has 
been proposed that Tat trans-activates the HIV-1 LTR by overcoming a 
block to transcriptional elongation (Kao et a l, 1987; Selby et a l, 1989). In 
the absence of Tat, short transcrip ts corresponding to prem aturely  
term inated RNA are released and accumulate. Tat probably also increases 
the efficiency of translation of TAR (trans-activation response)-containing 
mRNA, as originally indicated by the observation that the fold increase in 
viral protein synthesis exceeds the fold increase in viral mRNA. (Cullen, 
1986; Braddock et a l, 1989). More direct evidence for the role of Tat in 
p o st-tran scrip tio n a l activa tion  em erged  from  experim ents using  
microinjection into Xenopus oocyte (Braddock et a l, 1989). Coinjection of 
Tat and a TAR-containing mRNA into the nucleus of an oocyte resulted 
in enhanced translation of viral mRNA. Transcription inhibitor studies
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show ed tha t this enhancem ent of transla tion  d id  not require  new  
transcription.

The specificity of genes trans-activated by Tat is m ediated through a 
cis-acting target sequence called the trans-activation response (TAR) 
element. Extensive mutagenesis has defined a minimally essential length 
for TAR of approximately 25 nucleotides (Hauber et al., 1987; Jakobovits et 
al., 1988). Strict orientation and position dependence are required for 
trans-activation  of TAR w hereas upstream  prom oter and  enhancer 
elements are dispensable (Peterlin et al., 1986; Muesing et al., 1987). As the 
TAR sequence is located downstream of the initiation site it can be present 
either in DNA or RNA. Although the TAR DNA sequence is in close 
proximity to the TATA element and is involved in the binding of cellular 
transcription factors (Malim et al., 1989), m any studies have shown that 
these DN A-protein interactions do not correlate w ith trans-activation 
(Malim et al., 1989). Recently, Jeang and co-workers show ed that a Tat 
protein engineered to interact w ith the LTR DNA could trans-activate 
through a TA R-independent m echanism  indicating tha t Tat can act 
through a different DNA target ( Berkout et a l, 1990). Many investigators 
have dem onstrated that the TAR sequence motif probably functions in its 
RNA form. Indirect support for this idea comes from in vitro experiments 
show ing that TAR RNA can fold into an extended hairpin  structure 
(M uesing et al., 1987) together w ith in vivo assays show ing that the 
integrity and  sequence of this hairpin is im portant for TAR function 
(Jakobovits et al., 1988; Selby et a l, 1989). Furtherm ore, even transcripts 
tha t only transiently  form a native TAR RNA hairpin, which is not 
m aintained in the m ature mRNA, are efficiently transactivated by Tat, 
suggesting that TAR is recognized as a nascent RNA (Berkhout et a l, 
1989). The m echanism by which Tat utilizes an RNA target is not yet 
known. Recently, it has been reported that a tat protein engineered to 
interact w ith LTR DNA could trans-activate through a TAR-independent 
m echanism  indicating tha t the TAR serves an attachm ent function 
directing Tat to the LTR (Berkout et a l, 1990).

W hile the m echanism  of action of Tat appears both  novel and 
complex, the ultimate effect of this protein on the virus life cycle can be
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viewed as comparable to that exerted by the transcriptional transactivators 
observed in DNA viruses.

*

1 . 2 . 6  The effect of IE proteins on RNA polymerase III gene expression

The stim ulatory activity of viral transactivators extends to RNA 
polymerase Hi-transcribed genes. Early studies showed that the adenovirus 
E1A protein and pseudora^ies virus IE protein stimulate RNA polymerase 
III transcription of viral and cellular class HI genes (Gaynor et a l, 1985; 
iBerger and Folk, 1985). This activity has turned out not to be confined to 
these two viral proteins; SV40 (Scott et a l, 1983; Singh, et a l, 1985a,b: Carey 
et a l, 1986b) and, more recently, Hepatitis B virus X protein (Aufiero and 
Schneider, 1990) also have been shown to enhance RNA polym erase III 
gene expression.

The mechanism of transcriptional activation of class HI genes appears 
similar to that of class n  genes because this stimulation was m uch greater 
for transfected genes than for the major endogenous cellular class in genes 
(Gaynor et a l, 1985; Berger and Folk, 1985 ). Interestingly, however, the 
transcription of the highly repeated m ouse B1 and B2 genes, is stim ulated 
from both transfected genes and endogenous genes in SV40 transform ed 
cells (Singh et a l, 1985a,b; Carey et a l, 1986b; W hite et a l, 1990). A similar 
situation has been observed with the hsp-70 gene (Nevins, 1982; Kao and 
Nevins, 1983) and the p -tubulin  gene (Stein and Ziff, 1984) where both the 
endogenous and the transfected genes were transcribed by pol H.

The stim ulatory action of viral transactivators on the class HI genes 
has been dem onstrated in in vitro systems. Extracts m ade from cells stably 
expressing a transfected adenovirus or pseudorabies virus IE gene or cells

— infected w ith these viruses were 10 to 20 times|more active for the transcriptiopn 
of pol HI genes than extracts from the parental cell line or mock-infected 
cells (Gaynor et al, 1985; Hoeffler and Roeder, 1985; Yoshinaga et a l, 1986). 
Chrom atographic fractionation and complementation analysis of extracts 
from mock- and virus-infected cells indicated that the factor(s) responsible 
for the enhanced activity was localized entirely in the fraction containing 
transcription factor IIIC (TFIIIC) which is the lim iting factor for pol III
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transcription (Hoeffler and Roeder, 1985; Yoshinaga et al., 1986; Aufiero 
and Schneider, 1990).

There are two lines of argum ent about the m echanism of activation 
of transcrip tion  factor III by viral transactivators. The Berk group  
dem onstra ted , th ro u g h  tem plate  com m itm ent titra tions, th a t the 
increased TFIIIC activity is due to an increase in the concentration of 
active TFIIIC (Yoshinaga et al., 1986). On the other hand, the Roeder group 
suggested that transcriptional activation of RNA polymerase ID genes can 
be m ed iated  by m odification  of TFIIIC and  th a t overall TFIIIC 
concentrations are unchanged during viral infection (Hoeffler et al., 1988). 
The Roeder group identified two forms of TFIIIC which are in different 
phosphorylation states and have different transcriptional activities. The 
less active form of TFIIIC can be converted to the m ore active form of 
TFIHC through phosphorylation by the action of El A protein. Recently, 
W hite et al. (1990) have reported observations that combine the results of 
Berk's group and Roeder' group. They found tha t activation of RNA 
polym erase III transcribed genes in SV40 transform ed cells is achieved 
both by an increase in TFIIIC and by a change in its phosphorylation state.

As described above, several viral IE proteins have been show n to 
stimulate polymerase III transcription through enhancing the activity of 
TFIIIC. However, this increase does not appear to be a general effect of 
virus infection on cellular class HI gene expression because poliovirus 
infection appears to inhibit host cell RNA polym erase Ill-m ediated  
transcrip tion  (Fradkin et al., 1987; Clark and D asgupta, 1990). This 
inhibition is prim arily due to the reduction in transcriptional activity of 
the TFIIIC through dephosphorylation by poliovirus infection (Clark and 
D asgupta, 1990).

Virus infection is not the only way to affect class in gene expression. 
The B2 RNAs are abundant in cells transform ed by chemical carcinogen 
(Singh et a l, 1985b) and in serum -stim ulated quiescent cells (Edwards et 
al., 1985). These RNAs are also abundant in undifferentiated embryonic 
carcinoma cells, but not in their differentiated derivatives (Bennet et a l, 
1984; M urphy et a l, 1983; White et a l, 1989). The functional significance 
of the transcriptional regulation of pol III genes during viral infection is 
not understood, it may be im portant when cells respond to those stimuli
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such as virus infection , transformation, and differentiation. Therefore, it 
is necessary to understand the RNA polymerase HI transcription system 
to assess these effects and this will be introduced in the next section.
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1 . 3  Transcription b y  R N A  polym erase III

RNA polym erase III (pol III) transcribes genes encoding highly 
conserved small RNAs required for protein synthesis (5S and transfer 
RNAs), for pre-mRNA processing (U6 snRNA), for protein transport (7SL 
RNA), and for viral regulation of gene expression (Adenovirus VA RNAs 
and  Epstein Barr virus EBER RNAs) together w ith  som e genes of 
unknow n function (7SK RNA,the hum an Alu repeats, roden t B1/B2 
repeats and salm on SINE reiterated gene families) (Geiduschek and 
Tocchini-Valentini, 1988).

Pol HI gene expression has served as the paradigm  for m any features 
of transcrip tion  common to all three eukaryotic RNA polym erases, 
including the requirement for auxiliary proteins to target the template for 
recognition by the polymerase and the capacity of transcription complexes, 
once formed, to bind stably to the gene and prom ote m ultiple rounds of 
transcription. Notably, the first eukaryotic cell-free transcription system 
that accurately synthesized RNA was developed with RNA Polymerase III 
and  the first eukaryotic transcription factor to be functionally and 
structurally defined (TFIIIA) is an essential component of the complexes 
that assemble onto 5S RNA genes.

1. 3 .1  RNA polymerase III

RNA polymerase III has been well characterized in yeast (Schultz and 
Hall, 1976), Xenopus laevis (Sklar et al., 1975), mouse plasmacytoma cells 
(Sklar and Roeder, 1976), uninfected and adenovirus 2 infected hum an KB 
cells (Jaehning et al., 1977), Bombyx m ori (Sklar et al., 1976), and 
Drosophila (Gunderfinger et al., 1980). This enzyme is a 600-700 kDa zinc 
m etalloprotein composed of two large subunits complexed w ith 7 to 12 
smaller polypeptides (Gunderfinger et al., 1980). Although there are some 
differences in the structure and the biochemical p roperties of RNA 
polym erse III enzym es from the various sources, there is no species 
specificity in transcription: tRNA and 5S RNA genes from various sources
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and adenovirus VA RNA genes are correctly transcribed by X. laevis, 
m urine, hum an and Drosophila RNA polym erase III transcrip tional 
systems (Weil et a l, 1979; Dingermann et al., 1981). However, purified 
preparations of active RNA polymerase III are incapable of transcription 
from the cloned 5S RNA or tRNA genes and additional factors which do 
not co-purify with the polymerase are required for precise initiation and 
termination (Ng et al, 1979).

1 . 3 . 2  Prom oters

In general, the transcription of polymerase III genes is under the 
control of intragenic DNA sequences (reviewed in Hall et al., 1982; Sharp 
et al., 1985; Geiduschek and Tocchini-Valentini, 1988). According to the 
prom oter structure, the genes transcribed by RNA polymerase III can be 
grouped into three classes; 5S, tRNA and U6 genes are characteristic 
members of each group (see Fig 1-3). 5S genes contain an A box and a 
second promoter region consisting of an intermediate domain and a C box 
(Pieler et al., 1987). Genes in the tRNA class have a B box as well as the A 
box as control regions and the B box exerts a dominant effect (Fowlkes and 
Shenk, 1980; Guilfoyle and Weinman, 1981). This class of genes are quite 
diverse and include the viral VA and EBER genes as well as members of 
the Alu gene family. Although these internal prom oter elem ents are 
essential and sufficient for the transcription of the genes in the 5S and 
tRNA classes, sequences in the 5'-flanking region can strongly influence 
the rate of transcription from a given gene (Lofquist and Sharp, 1986; 
Selker et a l, 1986). The spacing constraints between these elements do not 
appear to be very rigid (Cannon et a l, 1986; Ciliberto et al., 1983). U6 
snRNA and 7SK genes have prom oter elements which are completely 
different from the other two classes of pol Ill-transcribed genes and are all 
located entirely in the 5' flanking DNA. The structure and function of 
these elements will be described separately.
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Class 1; 5S

ABIIEU c

Class 2; tRNA/VA1/Alu

Class 3; U6/7SK

DSE PSE TATA
-■. ■■ -A * •.

Fig. 1-3. A comparision of the promoter structures of the three 
classes of RNA polymerase in  transcribed genes (adapted from 
Palmer and Folk, 1990).
A; A box, B; B box, C; C box, IE; intermediate domain, DSE; 
distal sequence element, PSE; proximal sequence element.
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1 . 3 . 3  Transcription factors and preinitiation complex assembly

Several p ro teins are required  for the estab lishm ent of stable 
p re in itia tion  com plexes on RNA polym erase Ill-transcribed  genes 
(reviewed in Ciliberto et a l, 1983). TFIIIB and TFIIIC associate w ith most 
class in genes, whereas TFillA is specific for 5S RNA genes.

The first step of transcription complex assembly in vitro on tRNA 
and adenovirus VA genes occurs with TFIIIC binding to the intragenic 'B- 
box1 prom oter elem ent (Fuhrman et a l, 1984; Stillman et a l, 1984). This 
interaction appears to be the rate limiting step (Yoshinaga et a l, 1987) and 
is sufficient to form a stable gene complex (Lassar et a l, 1983). TFIIIC also 
binds to the intragenic A box of tRNA genes which is known to participate 
in correct positioning  of the transcrip tional start site (review ed in 
G eiduschek and  Tocchini-V alentini, 1988; Sharp et a l, 1985). The 
association of TFIIIC with the prom oter forms a m etastable complex 
which is stabilized by the addition of TFIIIB (Burke and Soil, 1985).

The first step in transcription complex assembly on 5S RNA genes, 
which lack the B box, occurs with TFIIIA binding to the intragenic 'C box’ 
at the 3' end of the 5S gene. A lthough TFIIIA binding to the internal 
control region (ICR) is highly sequence specific, the 5S DNA-TFIIIA 
complex is metastable (Bieker et al, 1985; Bogenhagen et a l, 1982; Hanas et 
a l, 1984). This m etastable TFIIIA-DNA complex is converted into a stable 
complex by TFIIIC binding to the upstream  sequence of the TFIIIA 
binding site (Braun et a l, 1989). The binding of TFIIIC is dependent upon 
TFIIIA because the B box element is absent in the 5S genes (Bieker et a l, 
1985; Setzer and  Brown, 1985). Finally, as w ith tRNA and VA genes, 
binding of TFIIIB to the 5S gene stabilizes a preinitiation complex capable 
of recognition by RNA polymerase III.

As first dem onstrated w ith the 5S RNA gene (Bogengahen et a l,
1982), once assem bled, these preinitiation complexes are resistan t to 
dilution, high salt, and challenge by an equivalent prom oter (Fuhrman et 
a l, 1984; Lassar et a l, 1983; Schaack et a l, 1983)
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1 . 3 . 3  . 1  TFIIIA

The 5S gene specific TFIIIA is one of the best characterized eukaryotic 
transcrip tion factors. It was first purified from  Xenopus ovaries and 
show n to be a protein of about 39kDa (Engelke et al., 1980). The gene for 
TFIIIA also has been isolated from cDNA libraries prepared from Xenopus 
ovaries (Ginsberg et a l, 1984). Analysis of TFIIIA proteolytic fragments 
suggests that this protein has separable transactivation and DNA-binding 
dom ains (Smith et a l, 1984). The carboxy term inus of TFIIIA is required 
for the full transcriptional activity of the factor whilst the amino terminus 
which is know n to contain nine tandem ly arranged Zinc fingers has a 
DNA-binding activity (Miller et a l, 1985; Vrana et a l, 1988). The amino 
term inal portion of TFIIIA also mediates association w ith single stranded 
DNA of the transcribed region w hich is im portan t for m aintaining 
transcription complexes of the 5S gene during passage of RNA polymerase 
HI (Fiser-Littell et a l, 1988).

1 . 3 . 3 .2  TFIIIB

TFIIIB has been purified from HeLa cells (Waldschmidt et a l, 1988) 
and from Saccharomyces cerevisiae (Klekamp and Weil, 1987; Kassavetis 
et a l, 1990). It is a single polypeptide of 60 kDa w ith a very elongated 
structure (Klekamp and Weil, 1987). The addition of TFIIIB to metastable 
complexes formed on tRNA or 5S genes results in an increased stability of 
the transcription preinitiation complex (Lassar et a l, 1983; Segall , 1986). 
Binding of TFIIIB to the prom oter region extends the DNase I footprint 
from  the transcription initiation site to 45 nucleotides upstream  of the 
coding region (Kassavetis et a l, 1989; 1990). These upstream  sequences are 
highly variable and no conserved elements have been identified that act 
as specific binding site for TFIIIB. Nonetheless, m utation of the upstream  
sequences affects transcrip tion levels of m any RNA polym erase Ill- 
transcribed  genes, either by altering their affinity for TFIIIB, RNA 
polymerase III or other upstream  binding proteins.
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Recently, TFIIIB was identified as the factor that positions RNA 
polymerase ID at the site of transcription initiation (Kassavetis et a l ,1989). 
Once TFIIIB is stably associated with the gene through its interaction with 
TFIIIC, it is resistant to dissociation by heparin or high salt, conditions that 
com pletely rem ove TFIIIC and TFIIIA. These stripped  genes are still 
capable of initiating accurate transcription by RNA polymerase HI with the 
same efficiency as fully assembled transcription complexes (Kassavetis et 
al.,1989). TFIIIA and TFIIIC, therefore, appear to function as specific 
prom oter recognition factors that subsequently sequester TFIIIB to the 
region upstream  of the coding sequence. Once bound, TFIIIB no longer 
requires the presence of TFIIIC to recognize the gene. These results are 
supported by genomic footprinting studies of yeast tRNA genes which are 
strongly protected in vivo in the region upstream  of the coding sequence 
bu t exhibit little protection over the A- and B-Block prom oter elements 
(Huibregtse et a l, 1987).

1 . 3 . 3 .3  TFIIIC

TFIIIC has been purified from the yeast Saccharomyces cerevisiae 
(Gabrielsen et a l, 1989; Parsons and Weil, 1990) and from hum an cells 
(Cromlish and Roeder, 1989; Schneider et a l, 1989; Yoshinaga et a l, 1989).

The purified yeast factor (also called tau) is approximately 300 kDa. It 
is a flexible molecule which can bind efficiently to different tRNA genes 
w ith A- to B-box separations of 25 to 95 nucleotides (Lassar et a l, 1983). 
Limited proteolysis of tau releases two functional domains w ith separate 
binding specificities for the A- and B-boxes: a 145 kDa subunit, which 
composes part or all of the specific A and B-box binding domains, and a 
100 kDa subunit which does not bind to the A box of the gene, but does 
still b ind to the B box (Gabrielsen et a l, 1989; M arzouki et a l, 1986). 
Therefore the "core" B box- binding function can be physically separated 
from a distinct A box-binding domain in the yeast TFIIIC.

The subunit structure of hum an TFIIIC has been difficult to define. 
Purification of TFIIIC fraction by DNA affinity or anion exchange 
chrom atography yields two functional components, both of which are 
requ ired  for transcrip tion  (Yoshinaga et a l, 1987; Dean and Berk,
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1987,1988) TFIIIC2 has a molecular weight of approx. 500kDa and binds 
w ith high affinity and specificity to the B-Block. This binding is necessary 
and  sufficient for tem plate comm itm ent. In contrast, TFIIIC 1 has a 
molecular weight of about 200kDa and appears to interact w ith the A box, 
although the prior association of TFIIIC2 with DNA appears to be required 
for this reaction. The precise function of TFIIIC1 during transcription is 
unclear. A lternatively , TFIIIC has been pu rified  by gel filtration  
chrom atography as a single protein of 140 kDa that binds to adenovirus 
VAI genes and is capable of reconstituting VAI gene transcription in vitro 
(Cromlish and Roeder, 1989). In a separate study using heparin agarose 
chrom atography, TFIIIC was purified as a fraction of five polypeptides 
between 25 and 250 kDa, with specific DNA binding activity localized to a 
110 kDa subunit (Schneider et al., 1989). Therefore, clarification of hum an 
TFIIIC structure m ust aw ait the isolation of the genes encoding the 
different subunits and a dem onstration that these subunits are essential 
components of the functional transcription factor.

TFIHC has been shown as the limiting factor for pol III transcription 
(Yoshinaga et al., 1986). Therefore, increasing TFIIIC activity always 
follows increased transcription of pol HI genes (Hoeffler and Roeder, 1985; 
Hoeffler et a l, 1988; White et a l, 1990).

Recently, the identification of a new class III transcription factor 
(TFIIID) in the silkworm  system suggested a different p icture of the 
process by which transcription complexes are assembled (Ottonello et al,
1987). A lthough factor D does not bind detectably to genes by itself, it 
appears to play a critical role for transcription of tRNA in silkworm 
because TFIIIB and TFIIIC bind to the prom oters only in combination 
with TFill D .

1.3 .4  Transcription of U6 and 7SK genes

The prom oter elements of the RNA polym erase III-transcribed U6 
snRNA and 7SK genes are located entirely in 5’ flanking DNA ( reviewed 
in M urphy et al., 1989a). Stable complexes are assembled on the prom oter 
of the U6 genes containing only TFIIIB and RNA polymerase III and do
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no t requ ire  TFIIIC. Therefore these genes m ust have a different 
mechanism for positioning TFIIIB to those genes that bind TFIIIC.

Three conserved upstream  elements are im portant for the prom oter 
function of U6 and 7SK genes; the distal sequence element (DSE; Kunkel 
and  Pederson, 1988), the proxim al sequence elem ent (PSE; Lobo and 
H ernandez, 1989), and a T /A -rich  elem ent sim ilar in sequence and 
location to the TATA box of RNA polymerase II system(Mattaj et ah, 1988; 
Lobo and H ernandez,1989). The distal elem ent of the HeLa 7SK gene 
contains an essential CACCC motif, sim ilar to a m otif that regulates 
transcrip tion of several pol II-transcribed genes (Kleinert et ah, 1990). 
Similarly, the U6 gene distal elements include octamer motifs that bind 
Oct (M urphy et ah, 1989b), the transcriptional activator of the polll- 
transcribed im m unoglobulin and histone genes. The proximal sequence 
element of the U6 gene is identical to the proximal elements of the U1-U5 
snRNA genes which are transcribed by pol II. This element may promote 
transcription by a mechanism similar to that of the B-box of tRNA genes, 
since transfer of the B-Block to defective U6 genes m uta ted  in the 
proxim al elem ent restores gene function (Parry and  M attaj, 1990). 
Interestingly, it is the TATA-like sequence 29-31 bp upstream  of the U6 
snRNA start site that directs pol III to the U6 gene (Mattaj et ah, 1988; Lobo 
and Hernandez, 1989). Although TFIIIB is presum ed to bind on this site 
(Brow and Guthie, 1990), how  a sequence element best known as a binding 
site for a pol II transcription factor, TFIID (Sawadogo and Roeder, 1985), 
prom otes recognition of the U6 gene by pol III is unknow n. A similar 
requirem ent for a TATA-like sequence -30 bp upstream  of a pol III start 
site has been for the hum an 7SK RNA (M urphy et ah, 1987) and c-myc 
genes (Bentley et ah, 1989).
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1 .4  ALU REPEATED SEQUENCES

1 . 4 . 1  Structure

Alu sequences are the most abundant family of short repetitive DNA 
sequences in the hum an genome (reviewed in Schimid and Jelinek, 1982). 
Their average size is about 300 bp (Davidson et al„ 1975; Schimid and 
Deininger, 1975). Approximately 300,000-500,000 copies of these sequences 
are present per haploid genome, amounting to 3 to 6 % of the total mass of 
the DNA (Houck et al., 1979; Rinehart et al., 1981). Such abundance would 
give an average spacing of 5000 nucleotides between Alu family members 
throughout the entire hum an genome (Schmid and Jelinek, 1982). These 
sequences can be cleaved at a common site by the restriction endonuclease 
Alul, and are therefore referred to as the 'Alu family’ (Houck et a l, 1978). 
The Alu family repeat is a head-to-tail dimer of an approximately 130 bp 
sequence, w ith an insertion of 32 bp sequence in the right half of the 
dim er (Fig. 1-4). Alu repeats are flanked by short direct repeats which 
indicates the mechanism of their dispersion (Baralle et al., 1980; Pan et al, 
1981).

Members of the family of Alu repeats are related in DNA sequence, 
bu t they are not necessarily identical because of evolutionary divergence; 
the average divergence of individual members is about 14% (Britten and 
Kohne, 1968 Deininger et a l, 1981; Schmid and Shen, 1985). Hence Alu 
consensus sequences have been devised to represent diverse individual 
m em bers of Alu family (Deininger et al., 1981). N ot all the members of 
Alu family are functional in transcription (Schmid and Jelinek, 1982).

1 . 4 . 2  Expression

Because of their distribution within the 3' untranslated region 
or in the intervening sequences of protein-coding genes, Alu sequences 
are transcribed by RNA polym erase II as part of the large prim ary
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transcripts of such genes (Jelinek et al., 1978; Rubin et a l, 1980; Allan et a l,
1983). As much as 25 % of the mass of HeLa cell hnRNAj is composed of 
repetitive sequence transcribed from Alu family m embers (Jelinek et a l, 
1978). Likewise, HeLa and Chinese ham ster ovary cell cytoplasm ic, 
polyribosom al associated, poly(A)-term inated RNA m olecules also 
contain these sequences bu t at a considerably low er frequency per 
molecule than in hnRNA because m ost of them  are rem oved from the 
hnRNA during processing or turnover (Jelinek et al., 1978; Elder et al., 
1981).

A lu family members are also transcribed as discrete short RNA 
molecules by RNA polymerase III in vitro (Duncan et al., 1981; Elder et a l, 
1981; Fuhrm an et al., 1981; Allan and Paul, 1984; Perez-Stable et a l, 1984). 
Detailed m apping of these RNA transcripts revealed that the start site for 
transcription was close to or coincident with the first nucleotide of the Alu 
sequence (Perez-Stable et a l, 1984). The transcription usually extends into 
flank ing  dow nstream  sequences as A lu sequences typ ically  lack 
term ination sites (Perez-Stable and Schen, 1986).

As a RNA polymerase III-transcribed gene, the Alu repeat contains a 
sp lit in tragenic prom oter: an an terior, box A -containing p rom oter 
element (positions +4 to +37, 5-Pu-Pu-Py-N-Pu-Pu-Py-G-G-3' in which Pu 
is any purine, Py is any pyrim idine, and N  is any nucleotide ) and a 
posterior, box B-containing element (positions +70 to 82, 5'-G-A/T-T-C-Pu- 
A -N-N-C-31) (Perez-Stable et a l, 1984; Perez-Stable and Shen, 1986). 
H ow ever, unlike other pol III genes in w hich the box A -containing 
prom oter element plays the major role in the positioning of the initiation 
site(s) (Sharp et a l, 1981; Ciliberto et a l, 1982a,b; Stillman and Geiduschek, 
1984; Cannon et a l, 1986), Alu repeats require the posterior prom oter 
elem ent alone for an accurate in itiation to occur (Perez-Stable et a l,  
1984;Perez-Stable and Shen, 1986). The presence of the anterior 
prom oter element by itself does not initiate transcription bu t it enhances 
the transcription efficiency by 10- to 20- fold (Perez-Stable et a l, 1984).

The factor requirem ent for the pol III transcription of Alu family 
repeat in vitro is not known, although the binding  of TFIIIC to  its 
posterior prom oter elements has been im plicated from  the sequence 
hom ology to the tRNA and VA genes (Ciliberto et a l, 1983; Perez-Stable
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and  Shen,1986). Results of transcrip tional com petition experim ents 
strongly suggested that the posterior, box B-containing prom oter element 
of the Alu repeat is able to bind TFIIIC efficiently and that the presence of 
the anterior elem ent enhances the ability of the Alu repeat to compete 
w ith VAI gene for the transcriptional factor(s) (Perez-Stable and Shen, 
1986).

A lthough m any Alu sequences are good tem plates for in vitro 
transcription by RNA polymerase III, most of the members of Alu family 
are not transcribed in vivo (Paulson and Schmid, 1986). The reason for 
this is not understood. H ow ever, there are several piecesof evidence 
indicating that Alu sequences are transcribed by RNA polymerase III in 
vivo, at least under certain conditions. For exam ple, an A lu fam ily 
m ember upstream  from the hum an epsilon-globin gene is transcribed to 
generate non-polyadenylate, nucleus-confined 350-bp pol HI transcripts in 
m ature embryonic red blood cells (Allan and Paul, 1984; Wu et a l, 1990).

1 . 4 . 3  Function

Several investigators have suggested m any possibilities about the 
function of Alu sequences in eukaryotic gene expression based on their 
own observations. However, none of these are generally accepted as 
explanations of the role of the Alu family. Early studies noted that Alu 
fam ily m em bers contain a G-rich sequence]with extensive homology to a 
sequence at or near the origin of papovavirus DNA replication (Jelinek et 
al., 1980; Ariga, 1984). Therefore, Alu family sequences were suggested to 
function as origins of DNA replication in m ammalian cells.

A lu sequences have also been proposed to play a role in RNA 
processing. One region of the Alu sequence resembles a splice junction of 
an intervening sequence in the hum an fi-globin gene leading to the 
suggestion that Alu sequences function as RNA splicing sites (Jelinek et 
al., 1980). This resemblance is restricted to a relatively short sequence 
which is unusually G-rich in composition suggesting that the resemblance 
m ight be fortuitous. The presence of Alu sequences in hnRNA molecules 
and their depletion in mRNA molecules suggested a role in hnRNA 
packing or m aturation (or both). This hypothesis is not convincing as the
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abundance of Alu sequences in hnRNA could simply reflect their ubiquity 
in DNA.

A lu repeats appear to frequen tly  induce rearrangem en ts by 
generating mobile genetic elements (Calabretta et al., 1982; Jagadeeswaran 
et al., 1981). These rearrangements of Alu sequences can affect expression 
of adjacent genes, as dem onstrated in the report of Alu involvem ent in 
m utations of LDL (low density lipoprotein) receptor causing genetic 
defects (Lehrman et al., 1987). Furtherm ore, the large num ber of Alu 
repeats inserted  in the gene regions can p rov ide  ho t spots in 
recombination (Jagadeeswaran et a l , 1982; Rogers, 1985).

RNA polymerase in  transcription from an Alu prom oter might have 
another effect on expression of a nearby RNA polymerase H gene. The Alu 
fam ily m em bers 5' to the d- globin and 3' to the b-globin  genes are 
though t to be involved in the cis-acting suppression of fetal globin 
expression in adults (Fritsch et al., 1980). Recently, W u et al. (1990) 
suggested that the Alu elem ents m ay play a role in developm ental 
switching of globin gene expression where transcriptional interference is 
the  selective term ination  of a certain  gene, leaving o thers to be 
transcribed.

Recently, Saffer and Thurston (1989) dem onstrated the presence of a 
negative regulatory element, named a "reducer",within a mem ber of the 
African green m onkey Alu family This "reducer" elem ent decreased 
transcription independently of both orientation and position and is not 
prom oter specific. Other possible functions of Alu sequence such as a 
m odulator of chrom atin (Duncan et al., 1981), mRNA stabilizer in the 
cytop lasm  (C alabretta  et al., 1981) have been suggested, bu t no 
convincing experimental evidence supporting any of these speculations 
has yet been reported.

1 . 4 . 4  Sources

Several laboratories have proposed a model using structural features 
of Alu sequences to account for the high copy num ber and w ide dispersal 
of A lu  re p e tit iv e  e lem en ts  th ro u g h o u t the  g en o m e(F ig .l-5 ; 
Jagadeeswaran, et al., 1981; van Arsdell and Weiner, 1984). According to
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this model, RNA polymerase ID transcription initiates precisely at the 5' 
end  of the sequence, proceeds through an internal oligo dA-rich region, 
and  term inates in a flanking region which codes for four or m ore U 
residues (Duncan et a l, 1981). In the second step, the U-rich sequence at 
the 3' end of the transcript anneals to the oligo A-rich region to prim e 
cDNA synthesis by some form of reverse transcription. The cDNA copy of 
the repetitive sequence is then inserted between a pair of staggered nicks at 
the new genomic site. In the last step of the integration process, the DNA 
repair mechanism generates the short, direct repeats which flank each end 
of the repetitive sequence at its new location. The Alu RNAs generated by 
processing of hnRNA can be used as substrates for reverse transcription.

A lthough RNA polymerase III prom oter sequences are contained in 
the transcripts and thus DNAs derived from these transcripts should 
themselves be templates for RNA polymerase ID, only a lim ited num ber 
of copies are known to serve as substrates for transcription (Ullu and 
Weiner, 1985). These highly conserved, functional copies of Alu sequences 
are called Alu "progenitors"(Deininger and Daniels, 1986) or Alu "source" 
genes (Britten et a l, 1988; Britten et a l, 1989).

The source gene m ight have a 5' transcriptional control region, 
absent from  inserted Alu sequences (Britten et a l, 1989). It is unknow n 
w hat role the source gene plays or why so many pseudogenes should have 
been formed. Britten et a l (1989) has suggested that the source gene is 
transcribed in germ-line cells because it appears that copies of it are 
effectively incorporated into the genome and subsequently inherited. 7SL 
RNA gene could be the source gene considering close relation of its 
sequence to the sequence of the Alu repeats (Britten et a l, 1988; Ullu and 
Tschudi, 1984). How m any copies of source genes are transcribed is an 
open question but it is assumed that most have been inserted into regions 
lacking functional transcription control sequences. However, it is possible 
that an RNA transcript w ith the exact sequence of the m odern source gene 
could be found if the appropriate tissue or cell type were examined.
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1 . 4 . 5  Related genes

There are several similar highly repeated sequences in mammals. 
Jelinek and Leinwand (1978) identified a discrete low m olecular weight 
RNA, known as 4.5S RNA, that could be purified from Chinese ham ster 
ovary (CHO) cells. The molecule is 96 residues long and term inated by 
pppG p at its 5' end and by a short oligo(U) sequence of variable length at 
its 31 end, both of w hich are characteristic of RNA polym erase III 
transcription products. The function of the 4.5S RNA is not known.

CHO DNA also has a family of highly repetitive sequences, called the 
CHO Alu-equivalent family (Haynes et al., 1981). This family has at least
300,000 m em bers d ispersed  th roughout CHO DNA (Jelinek, 1978). 
M embers of this dispersed sequence family exhibit extensive sequence 
homology with both the prim ate Alu repeats (Deininger et al., 1981) and 
the rodent B1 repeats (Krayev et al., 1980). A cloned member of this family 
could serve as transcription templates for RNA polymerase III in cell-free 
extracts and that RNAs analogous to those transcribed in the cell-free 
reaction can be purified from the nuclei of CHO cells (Haynes and Jelinek 
1981). The function of this family is not known.

7SL RNA is an abundant cytoplasmic RNA w hich functions in 
protein secretion as a component of the signal recognition particle (Walter 
and Blobel, 1982). Because the prim ary structure of hum an 7SL RNA 
consists of an Alu sequence in terrupted  by a 155-bp sequence that is 
unique to the 7SL RNA, it was suggested that m ammalian Alu sequences 
are derived from the 7SL RNA (or DNA) by a deletion of the central- 
specific sequence, and thus Alu sequences can be considered as processed 
7SL RNA genes (Fig. 1-6; Ullu and Melli., 1982).

The m ouse genom e contains tw o m ajor fam ilies of sho rt 
interspersed repeats referred to as B1 and B2 sequences which are present 
at more than 105 copies. These repeats are thought to become scattered 
throughout the whole genome by a similar mechanism to that proposed 
for Alu repeats (reviewed in Rogers, 1985). The B1 sequence is about 130 bp 
long and the degree of divergence does not exceed 8% (Krayev et al., 1980). 
The m ouse B1 repeats and hum an Alu sequences reveal certain homology 
suggesting the Alu sequence may originated from the duplication of B1
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repeats (Ullu and Melli., 1982). The B2 sequences are quite different from 
Alu sequences (Krayev et al., 1982). Each B2 element is 180-200 bp long ; 
the consensus sequence varies by 8.8% on average (Rogers, 1985). B1 and 
B2 repeats contain intragenic sequences of RNA polymerase III (polIII) 
prom oter (Krayev et a l, 1982). Transcription of these sequences by pol III 
requires TFIIIB and -C (Carey and Singh, 1988). B2 repeats also contain a 
poly(A) addition signal near the 3' term inus, and the transcripts are 
reported to be polyadenylated (Bachvarova, 1988; Kramerov et al., 1985). 
The biological role of these sequences rem ains unclear, b u t their 
sequence homologies have lead to speculation that they m ay be involved 
in the following processes: DNA rearrangem ent, replication, regulating 
gene expression, mRNA transport, or RNA processing (Clemens, 1987; 
Kramerov et al., 1985). Interestingly, the transcription of these repeats is 
strongly regulated in response to oncogenic transform ation (Scott et al., 
1983; Singh et al., 1985a,b; Carey et al., 1986b), grow th rate (Singh et al., 
1985a; Edwards et a l, 1985), heat shock (Fornace and Mitchell,1986), and 
differentiation of embryonal carcinoma cells (M urphy et al., 1983; White et 
al., 1989). However, it is not yet known why these sequences are regulated 
under such conditions.

4 4



7SL-specific se q u en ce s

Fig. 1-6. The structural relationship of human 7SL RNA to the 
consensus sequence of human and rodent Alu DNA. Each diagram 
represents (1) Rodent Alu DNA, (2) Human 7SL RNA, and (3) Human 
Alu RNA. Homologous sequences are indicated by identical shading. 
(A)n denotes an A-rich sequence which follows the Alu sequence at the 
3’ end. ( adopted from Ullu and Tschudi, 1984).
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AIM OF THE PROJECT

The suppression of cellular gene expression during HSV infection 
has been relatively well characterized. However, the stimulatory aspect of 
HSV infection on the expression of some cellular genes is not fully 
understood. A lthough there are a few reports about the induction of 
cellular gene expression by HSV infection, the mechanism by which these 
effects occur and their significance during virus infection are not clear. 
Furtherm ore, m ost of these stud ies w ere carried  ou t w ith  genes 
transcribed by RNA polymerase I and RNA polymerase II. Therefore, it is 
worth examining the effects of HSV infection on the expression of pol III 
genes.

The project starts by investigating how  HSV infection affects 
expression of pol III genes, negatively or positively (chapter 3). The 
mechanism  for this effect was investigated by examining the activity of 
RNA polym erase III transcrip tion  factors follow ing HSV infection 
(chapter 4). To investigate whether the effects observed are a general effect 
of virus infection, other viruses w ere examined for their effect on the 
expression of pol in genes (chapter 5). Finally, the effects of HSV infection 
on several cellular RNA polym erase II transcrip tion  factors w ere 
investigated (chapter 6). The significance of these studies of up-regulated 
gene expression for our understanding of viral replication and, m ore 
interestingly, of cell transform ation and viral latency processes will be 
discussed.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Bacterial strains

JM101 - E. coli, supE thi A(lac- proAB) F[traD36 proAB+ lactf lacZAM15] 
TG2 - E. coli, supE hsdA5 thi A(lac-pro AB)A(Srl-recA)306::Tnl0 (tetr) 
Y1090hsdR - E. coli, supF hsdR araD139 Alon Alac U169 rpsL trpC22::tnlO 

(tetr) pMC9

2.1.2 Cell Lines

All cell lines were m ain tained  in D ulbecco's M odified Eagles 
M edium  (DMEM, Gibco/BRL) supplem ented w ith 10% foetal calf serum  
(FCS) except where stated. The sources of the cell lines used for this thesis 
are as follows;

BHK-21 (Macpherson and Stoker, 1962) - Cell Production Unit, Imperial 
Cancer Research Fund Laboratories, London.

Vero cells -Cell Production Unit, Imperial Cancer Research Fund 
Laboratories, London.

Cervical cell lines (Caski, SiHa, 310, 310A)- Dr A. Mclndoe, Ludwig 
Institute for Cancer Research, London 

HeLa cells- Dr D. Kioussis, National Institute for Medical Research, 
London.

HeLa cell lines stably expressing HIV tat (HeLa Tat 4 and HeLa SV2Tat4) 
and Jurkat cell lines stably expressing HTV tat (J6, J6Tat4)- Dr M. Collins, 
Chester Beatty Laboratory, London 

V27 cells stably expressing ICP27 (McCarthy et a l, 1989) - Dr S. Rice, 
H arvard, Boston, USA 

293 cells stably expressing the left end of Ad5 genome (Graham et a l, 
1977)-Dr N. Jones, Imperial Cancer Research Fund Laboratories, 
London.
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2.1.3 Viruses

The w ild type HSV strain used for this thesis were HSV-1 strain F 
(Ejercito et ah, 1968) and HSV-2 strain 333 (Seth et al.r 1974). Several 
m u tan t virus strains of HSV-1 w ere p rov ided  generously  by those 
described below;

tsK (Preston, 1979a) - Dr C. M. Preston, MRC Virology Unit, Glasgow 
tsLB2 (Honess et ah, 1980) - Dr I. W. Halliburton, MRC Herpes Virus 

Research Group, Leeds 
tsY46 (Sacks et ah, 1985)- Dr. P. Schaffer, Boston, USA 
dll403 (Stow and Stow, 1986)-Dr N. D. Stow, MRC Virology Unit, Glasgow 
R325 (Post and Roizman, 1981)- Prof. B. Roizman, Chicago, USA 
N38 (Umene, 1986)- Dr Umene, Fukuoka, Japan 
17x2D (Maclean and Brown, 1987)- Dr M. Brown, MRC Virology Unit, 

Glasgow
Pseudorabies virus (PRV)- Dr R. Everett, MRC Virology Unit, Glasgow 
Adenovirus 5 (Ad5) & its El A" m utant dl312 (Jones and Shenk, 1979a)

- Dr N. Jones, Imperial Cancer Research Fund Laboratories, London.

Most virus strains were grown on BHK cells and titred on Vero cells 
as described in the methods section except in a few cases, d ll403 was grown 
and titred on BHK cells because of its poor growth on Vero cells (Stow and 
Stow, 1986). R325 was grown on Vero cells and titred on the same cells 
because of its efficient growth on this cell line (Sears et ah, 1985). Ad5 and 
its deletion m utant dl312 were grown and titred on 293 cells (Graham et 
ah, 1977). All tem perature sensitive m utant virus strains were grown and 
titred at 32 °C.

2.1.4 Oligonucleotides used

All oligonucleotides were synthesized on an A pplied Biosystems 
m odel 381A o lig o n u c leo tid e  sy n th esize r. The A- an d  B-box 
oligonucleotides represent the A- and B-box internal prom oter regions of
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the Alu repeated element in plasmid pCD107 (Duncan et al., 1981). Only 
one strand of each oligonucleotide is shown.

A box 5’ - GAT CGC TGG GAG TGG TGG CTC A - 3'
B box GAT CCA AGA GTT CAA GAC CAA C

The B-box m utant oligonucleotide is identical to the B-box sequence 
except for a few base changes in conserved residues within the B-box 
consensus (Geiduchek and Tocchini-Valentini, 1988).

B box-mut 5' - GAT CCA AGA CTG AAC GAT GAA C - 3’

O ther oligonucleotides

U4 
API 
Actin 
Spl 
ATF

2.1.5 DNA

The following were either the gifts of the investigators listed or 
purchased from the suppliers:

pCD107 (Duncan et al., 1981)-Dr J. Pan and Prof. Weissman 
B lurll- Dr. P. Broad 
H 2B- Drs G. and J. Stein 
5S, tRNA- Dr. R. White
7SK, 7SL (Ullu, E. and Melli, M., 1982) -Dr S. M urphy 
TRE CAT-Drs P. Angel and M. Karin 
p i  11 (HSV IE1)- Dr. R. Everett 
pl75(HSV IE3)- Dr. R. Everett 
Sal T(HSV IE5) -Dr. R. Everett 
p63(HSV IE2) -Dr. R. Everett

5’ - GAT CCA TGT AAA TCA A - 3’
TGC ATC GCG C T G  AGT CAC CAA CCA G 

CCGGGCTGT A T T  CCC CTCCC 
GAT GCG GTC C C G CCC TCA GC 
ATG ACG TCA
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N*(HSV IE 4) -Dr. R. Everett 
pM Cl- Dr C. Preston
pBH27 & its deletion m utants (McCarthy et a l, 1989)- Drs S. Rice and 

D. Knipe
pSV2Tat 4- Dr M. Collins Chesty Beaty Laboratory, London

Plasmid vectors

pUC 13 - Gibco BRL, U.K.
pUC 1318, pUC1813 (Kay and McPherson, 1987)- DR. R. Kay 
Gemini 3Z - Promega Inc., U.S.A.

2.1.6 Enzymes

Restriction endonucleases - Gibco/BRL, U. K., New England Biolabs, USA 
or Boehringer Corporation Ltd..U.K.

T4 DNA ligase, ribonuclease inhibitor (RNasin), proteinase K*, Potato acid 
phosphatase, DNase, DNase I- Boehringer Corporation Ltd.,U.K. 

Sequenase kits - U nited  States Biochemicals, ob tained  th rough  
Cambridge Bioscience,U.K.
DNA polymerase Klenow fragment, T4 DNA polynucleotide kinase, and 

MMTV Reverse Transcriptase - Gibco/BRL 
Ribonuclease A*,j cyclic AM P-dependent protein kinase, pyruvate 

(kinase, Chloramphenicol acetyl transferase (CAT)-Sigma, U.K.
Taq DNA polymerase - Amersham

*RNase A- m ade to lOm g/m l in lOmM Tris HC1 pH7.5,15mM  NaCl, 
boiled for 15 min, cooled slowly to room temperature, and stored at - 
20 °C.

*Proteinase K - made to 20mg /  ml in H 2O, incubated for 30 min at 37°C, 
and kept at -20 °C.

All other enzymes were used as supplied
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2.1.7 Radiochemicals

Radiochemicals were purchased from New England Nuclear Inc., 
Boston, USA. Those used were [|a-32P] dCTP (800 and 3000 C i/m m o l), 
fa -32PlCTP(3000 C i/m m o l), [ 35S]methionine(800Ci/mmol), [j'Y-32PldATP 
(500Ci/mmol), and [dichloroacetyl-l,2-14C] chloramphenicol 
(60m Ci/m mol).

2.1.8 Buffers, Solutions and Growth Media.

The following general solutions were used. Solutions specific to a 
particular m ethod are described in the appropriate section. All solutions 
were sterilised by autoclaving for 20 minutes at 15 lb /sq . in. on liquid cycle 
except where stated.

Bacterial media and antibiotics 
L Broth (LB) - l% (w /v) bactotryptone, 0.5%(w/v) bacto yeast extract,

0.5% NaCl in H 2O and adjusted to pH7.2 with 5M NaOH.
LB media containing agar or agarose; 

bacto-agar (for plates) 15 g /liter 
agarose (for plates) 15g /liter 
agarose (for top agarose) 7g/liter 
Antibiotic solutions;
Ampicillin, 1000 x ; 50m g/m l in H 2O 
Streptomycin, 1000 x ; 20m g/m l in H 2O 
Tetracycline, 1000 x ; 20m g/m l in 50% EtOH (v/v)
Stock solutions of antibiotics dissolved in H2O was sterilized by 

Ifiltration through a 0.22-micron filter and kept in -20°C.
Denhardts Solution (Denhardt, 1966) - 0.2% (w /v) BSA, 0.2% (w /v) 

[polyvinylpyrrolidone and 0.2% (w /v) Ficoll in water.
Electrophoresis buffers;

10 x Tris acetate buffer (TAE), pH8.3 ; 400mM Tris, lOmM EDTA, 
adjusted to pH8.0 with glacial acetic acid.

10 x Tris-borate buffer (TBE), pH8.0 ; 900mM Tris-HCl, 900mM boric 
acid, 20mM EDTA, pH8.35
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Phosphate-buffered saline (PBS) ; 135mM NaCl, 27mM KC1, lOmM
N a2H P04,15m M  KH2PO4 in H2O.

20 x SSC ; 3M NaCl, 300mM trisodium citrate.
TE , pH7.5 ; lOmM Tris-Cl, pH7.5 and ImM  EDTA, pH8.0

2.1.9 Other Materials & Reagents

Nylon and nitrocellulose filters-(Hybond N- or -C) Amersham 
International, U.K or HA filters from Millipore, U.K.

X-ray film- X-omat AR (Kodak, U. K.) or Fuji RX film (Fuji Photofilm 
Co.,U.K.)

Polaroid 667 film - Polaroid, U.K.
Bacterial growth media - Difco Laboratories, U.K.
B.C.A. Protein Assay Kit - Pierce Co. U. S. A.
Prestained protein molecular weight markers (range - 14kDa. to 200 kDa.) - 

Gibco BRL.
RNA Markers (range 0.16 - 1.77kb) - Gibco BRL.
Geneclean Kit - Bio 101 Inc.
All deoxyribonucleotides and ribonucleotides - Pharmacia.
Tissue culture media, sera and plasticware - Gibco/BRL, U.K.
Conjugated anti-mouse and anti-hum an immunoglobulins - 

Amersham ,U.K.
All other chemicals, solvents and materials were obtained from one of the 
following: Sigma chemical company, British Drug House (BDH) or Fisons 
Laboratories.

2.1.10 Equilibration of phenol

Phenol was equilibrated before use as described by M aniatis et al. 
(1982). Briefly, hydroquinoline was added to melted phenol to a final conc. 
of 0.1 % and mixed with an equal volume of 0.5M Tris-Cl, pH8.0. When 
the two phases had been j  separated, the upper (aqueous) phase was 
aspirated. This process was repeated two or three times more until the pH 
of the phenolic phase is > 7. 8. After the final aqueous phase had  been 
rem oved, 0.1 volum e of 0.1M Tris-Cl, pH8.0 contain ing 0.2% p -

5 3



m ercaptoethanol added to the equilibrated phenol and kept until use. A 
m ixture consisting of equal parts of equilibrated phenol and chloroform: 
isoam yl alcohol (24:1) was frequently used to rem ove proteins from 
preparations of nucleic acids.
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2.2 M e t h o d s

All solutions were prepared using deionized double distilled water. 
Solutions and plasticware were sterilized by autoclaving for 20 minutes at 
15 lb /sq . in. on liquid cycle except where stated. Special care was taken 
w hen working w ith RNA, all solutions were prepared using 0.1% diethyl 
pyrocarbonate (DEPC)-treated water and all glassware was baked at 180 °C 
overnight. All procedures involving the m anipulation of bacterial strains 
and the transfection of tissue culture cells w ith recombinant vectors were 
perform ed under conditions of good microbiological practice.

2.2.1 DNA

2.2.1.1 Preparation of Plasmid DNA

A. M inipreparation of Plasmid DNA

Small quantities of plasm id DNA were obtained from lOmls of 
bacteria grown to saturation density overnight, as described by Grosveld et 
al. (1981). Bacteria were pelleted by centrifugation at 3000rpm for 10 
m inutes in a Beckman JA20 rotor. The cells were resuspended in GTE 
(25mM Tris-HCl pH  8.0 containing 50mM Glucose and lOmM EDTA) and 
lysed in freshly prepared 0.2M N aO H /l% (w /v) SDS. After addition of 3M 
potassium  acetate pH4.8, the suspension was precipitated by centrifugation 
for 10 m inutes in a microfuge. The supernatant was carefully rem oved 
and DNA was precipitated by addition of 0.6 volumes isopropanol and 
incubating  for 30 m inutes at -20 °C. A fter a fu rther 10 m inutes 
centrifugation, the pellet was washed in a 70% ethanol, dried and taken up 
in 200 ml TE. RNase A /T l was added to a concentration of 40p/m l and 
200fi/m l, respectively, and incubated for 30 m inutes at 37°C. Plasm id 
DNA w as recovered by phenol: chloroform  extraction and ethanol 
precipitation.
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B. Large scale preparation of Plasmid DNA.

500ml L-Broth, w ith appropriate antibiotic selection was| inoculated 
with a small culture of bacteria containing the recom binant plasmid, and 
incubated shaking overnight at 37 °C. Large yields of plasm id DNA were 
obtained using one of two methods:-

a) Alkaline lysis

Bacteria were pelleted by centrifugation at 4, 200rpm for 20 m inutes 
in a Beckman JA10 rotor. The pellet was resuspended in 40ml of lOmM 
EDTA, pH8.0 before addition of 80ml freshly prepared 0.2M NaOH, 1% 
SDS(w/v) and 40ml 3M potassium  acetate, sw irling gently after each 
addition. After a 5 m inute spin at 4,200rpm the supernatant was passed 
through nylon gauze and spun together w ith 0.6 volume isopropanol at 
6,000 rpm  for 10 minutes in a Sorval GS3 rotor. The pellet was rinsed with 
70% ethanol containing lOOmM Tris-HCl pH8.0 and  subsequently  
dissolved in lOOmM Tris-HCl pH  8.0, 2mM EDTA and purified  by 
equilibrium  grad ien t centrifugation in a caesium  chloride-ethidium  
brom ide gradient as described in detail by M aniatis et al. (1982). lOg 
caesium chloride and 0.25 ml lOm g/m l ethidium  brom ide were added and 
the so lu tion  p u t into a Beckman polyallom er quick seal tube for 
ultracentrifugation. Tubes were centrifuged for 18 hours at 55,000rpm in a 
Beckman L8 ultracentrifuge before the lower plasm id band was removed 
from the caesium  chloride gradient. The volum e of the band was 
adjusted to 10ml with the addition of lOOmM Tris-HCl pH8, 2mM EDTA 
and DNA was precipitated w ith two volumes of absolute ethanol and 
spinning for 20 m inutes at 3000 rpm  in the Beckman JR3.2 rotor. The 
pellet was washed, dried and taken up in 400ml H 2O, 50ml 20x SSC and 
RNase A /T l  to give final concentrations of 4 0 u /m l and 200u/m l, 
respectively. After incubation at 37°C for 1 hour and 2 rounds of phenol: 
chloroform , chloroform  extraction, the DNA w as p recip ita ted  w ith 
ethanol, resuspended  in 200 |pl w ater and  a sam ple d ilu ted  for 
spectrophotometric determ ination of its concentration.
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b) PEG precipitation

Bacteria were pelleted by centrifugation at 7,000 rpm  for 10 minutes 
in a Beckman JA10 rotor and resuspended in 4 ml of 50mM Tris-HCl, 
pH8.0 containing 25% (w /v ) sucrose. Freshly prepared  lysozyme was 
added to a final concentration of lm g /m l and the cells were left to lyse for 
15 minutes on ice. The suspension was m ade up  to lOmM EDTA and after 
a further 15 m inutes 0.5 volumes of 3x Triton Buffer (3% (v/v) Triton X- 
100, 150mM Tris-HCl, pH8.0, 375mM EDTA) was added to the sample and 
left to stand on ice for 30 minutes. After the cell debris had been spun out 
at 18,000 rpm  for one hour in a Beckman JA20 rotor, the suspension was 
carefully removed and m ade up to 0.5 M with respect to NaCl. DNA was 
extracted w ith phenol: chloroform and chloroform before precipitation 
overnight at 4°C with 10% (w /v ) PEG 6000. DNA was recovered by 
centrifugation at 12,000 rpm  for 20 m inutes at 4°C in a Beckman JA20 
rotor and the pellet was resuspended in 0.1M Tris-HCl pH8. Treatm ent 
w ith 0.2 m g /m l preboiled RNase A for 30 m inutes was followed by 
reprecipitation with addition of an equivolume Buffer B (lOmM Tris-HCl 
pH8.0, ImM  EDTA, 1M NaCl and 20%(w/v) PEG 6000) and incubation on 
ice for at least an hour. DNA was pelleted in a microfuge for 10 minutes 
and resuspended in 0.5M NaCl, lOmM Tris-HCl pH8.0. Organic extraction 
preceded another RNase step to remove final traces of RNA, and the DNA 
was then recovered by an additional phenol: chloroform /chloroform  
extraction and ethanol precipitation. The DNA was taken up in an 
appropriate volume of water and its concentration determined as before.

2.2.1.2 Restriction endonuclease digestion

All endonuclease digestions were carried out by incubating for 1 hour 
at 37 #C in the appropriate buffer supplied by the enzyme (manufacturer.
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2.2.1.3 Gel electrophoresis of DNA

A. Non-denaturing agarose gels

The jseparation of DNA fragm ents and the assessm ent of various 
DNA cloning steps was effected by the use of horizontal agarose 'mini- 
gels' on apparatusim anufacturedby Pharmacia. The gels were m ade and 
run  as described by Maniatis et a l (1982) in TBE electrophoresis buffer 
(lOOmM Tris-HCl, lOOmM boric acid, 2mM EDTA pH8.35); the agarose 
concentration varied between 0.6% and 2% (w/v) depending upon the size 
of the DNA of interest. Where DNA fragments were to be subsequently 
used for ligation reactions or radiolabelling, low m elting point agarose 
was used in combination with Tris-acetate(TAE) electrophoresis buffer 
(40mM Tris-HCl, Im M  EDTA adjusted to pH8.0 with glacial acetic acid). 
The DNA sam ples were mixed w ith 6 x agarose gel loading buffer 
(1.25%(w/v) bromophenol blue, 30%(v/v) glycerol) immediately prior to 
loading. The gels were typically run at 5-20V/cm for 60mins. The DNA 
was visualised w ith a ultraviolet j  transillum inator (wavelength 254nm) 
and photographed using Polaroid type 667 film through an orange filter.

B. Polyacrylamide gels

N ondenaturing gel electrophoresis was perform ed to isolate small 
size DNA fragments using 6-8%(w/v) j  polyacrylamide gels (Maxam and 
Gilbert, 1980) in TBE buffer. Samples were loaded in equal volum e of 
loading buffer (1.25% (w /v) bromophenol blue, 30% (v /v ) glycerol) and 
gels run  at 10 V /cm . After staining in 50pg/m l ethidium  brom ide, the 
DNA fragm ents w ere visualized and photographed  as before. The 
products of DNA sequencing reactions were analyzed by electrophoresis 
through 6% polyacrlyamide /8.3M urea gels in TBE buffer. Gels were pre
run  for 30 mins at 25mA before heat-denatured samples (75 °C/ 2 min) 
were loaded and the run continued. After electrophoresis the gel was fixed 
in 10% (v/v) Methanol/10% Acetic acid for 15 mins, dried under vacuum, 
and then exposed to Fuji RX film at -70 C.
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2.2.1.4 Isolation of DNA fragments.

DNA fragm ents for use in ligation or radiolabelling reactions were 
excised from low melting point (LMP) agarose gel in TAE whilst exposed 
to UV light but care was taken to minimise the UV exposure. The DNA 
was purified from the agarose according to the m anufacturer's instruction 
of the Geneclean kit which is based on a glass milk extraction procedure. 
DNA fragments from acrylamide gels were eluted overnight by shaking at 
37°C in 400}il of elution buffer (500mM Am m onium  acetate, lOmM 
Magnesium acetate, ImM  EDTA, 0.1% SDS). Gel pieces were sedimented 
by centrifugation in a microfuge for 5 mins. The supernatant was retained 
and the DNA recovered by precipitation after addition of tw o volumes of 
ethanol.

2.2.1.5 Radiolabelling of double-stranded DNA fragments

a) Oligolabelling of restriction fragments

Linear, doub le-stranded  DNA fragm ents w ere rad io labelled  
according to the protocol of Feinberg and Vogelstein (1983) using a-32P 
dCTP. The labelled probe was| separated from unincorporated nucleotides 
by centrifugation through a Sephadex G50 spun-column as described by 
M aniatis et a l (1982). The specific activity of the radiolabelled DNA was 
determ ined by TCA (Trichloroacetic acid) precipitation as described by 
M aniatis et al. (1982).

b) End-labelling

DNA fragm ents w ith 5' overhangs w ere end labelled either by 
„ filling in w ith Klenow fragm ent or by kinasing w ith T4 Polynucleotide 

Kinase by the procedure of Maniatis et a l  (1982).
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c) Nick translation

To make an intact double strand labelled probe, DNA fragments were 
nick translated by the protocol of M aniatis et al. (1982). Briefly, single
s tranded  breaks (’nicks') w ere m ade in the DNA substra te  by the 
endonuclease activity of DNase I (ln g /m l). E.coli DNA polym erase I 
fragm ent klenow was used to remove existing nucleotides and to replace 
them w ith the nucleotides incuding [a-32P]dCTP in the reaction mixture.

2.2.1.6 Construction of Recombinant Plasmids

2.2.1.6.1 Preparation of Vector DNA

After adequate restriction endonuclease digestion of the plasm id 
vector DNA, an aliquot of the reaction mixture was run on an agarose gel 
to confirm that all the plasmid DNA had been linearised. This DNA was 
then purified  by phenol/ch loroform  extraction and concentrated by 
ethanol precipitation, (occasionally vector DNA was dephosphorylated to 
increase effciency of ligation according to the m ethod of M aniatis et al 
(1982).

2.2.1.6.2 Ligation of DNA fragments into plasm id vector.

The m ethod of ligation depended upon the m anner in which the 
DNA fragments had been recovered:

a) Gel purified DNA fragments were mixed w ith vector DNA in a 
5:1 molar ratio so that the total mass of DNA did not exceed 200 ng and the 
final reaction volume was 10 pi. After addition of ligase buffer (5mM 
Tris-HCl pH  7.8, ImM MgC12 and 2mM DTT) and ATP to ImM , 10 units of 
T4 DNA ligase were added and the reaction incubated for a minimum of 5 
hours at 15 °C.

b) 'In gel' ligations were perform ed with DNA fragm ents which 
had been excised from low m elting point agarose gel. The gel slab
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containing the DNA was melted at 65 °C for approximately 10 minutes. A 
volume of molten gel was added to the vector DNA so that a 5:1 molar 
ratio was created between the fragment and vector but the total mass of 
DNA did not exceed 100 ng. The volume of the reaction was then adjusted 
so that the agarose concentration was not greater than 0.2 % (w /v) (Crouse 
et al. 1983). After addition of the ligation buffer and ATP to ImM , 100 
units of T4 DNA ligase was added and the reaction was incubated for a 
m inim um  of 5 hours at room  tem perature. The ligation m ixture was 
heated to 65 °C for 5 minutes immediately before its addition to competent 
cells.

2.2.1.6.3 Preparation of E.coli competent cells

Com petent cells were prepared using the calcium chloride m ethod 
described by Maniatis et a l (1982). An overnight culture of JM101 or JM83 
grown in L-broth was used to inoculate 100 ml of L-broth and grown to an 
A600nm 0.3-0.4. Cells were harvested and resuspended in 0.5 volume of 
ice cold 50 mM calcium chloride and left on ice for 30 m inutes. 
Com petent cells were pelleted, resuspended in 1/10 volum e of 50 mM 
calcium chloride, and kept on ice before use.

2.2.1.6.4 Transformation of plasm id DNA into E.coli competent cells

The ligation mixture was added to 200 pi of competant cells on ice 
and left for 30 minutes. Cells were heat shocked at 42 °C for 2 minutes, 
incubated at 37 °C for 30 minutes after addition of 400pl L-broth, and then 
spread  onto an L-agar p late containing am picillin(50pg/m l), X-gal 
(40pg/ml), and IPTG (lpM). Plates were incubated overnight at 37°C.

2.2.1.6.5 Selection of Recombinant Plasmids

Since all the plasm ids used in this w ork conferred am picillin 
resistance to their host cells the transform ed bacteria could grow on LB 
agar plates containing ampicillin(50pg/ml). All the plasm id vectors used 
in this work are constructed so that a fragment of foreign DNA inserted
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into the m ultiple cloning site will disrupt the protein coding region of the 
5' end of the lac Z gene. This results in the failure of the plasm id to 
d isp lay  a - com plem entation activity of the lacZ gene product, b- 
galactosidase, w ith the host bacterium. Lac+ bacteria form blue colonies in 
the presence of X-gal bu t bacterial colonies containing recom binant 
plasm id have a white appearance. Thus, the plates contained X-gal and an 
inducer of the lac Z gene, EPTG, to facilitate the selection of recombinant 
plasm ids by 'b lue/w hite  selection'. The picked white colonies were then 
subjected to in situ hybridization m ethod of G runstein and Hogness 
(1975). Putative recom binant colonies were p lated onto nitocellulose 
filters placed onto L-agar plates containing the appropriate antibiotic, and 
allow ed to grow  overnight at 37°C.The filters w ere rem oved and
successively placed on W hatman 3MM paper soaked in 0.5 M NaOH and
then 1 M Tris-HCl, pH7.4 for 4 minutes each. Filters were washed in 0.5 M 
Tris-HCl, pH7.4/1.5 M NaCl, w iped throughly w ith 2x SSC. They were 
baked at 80 *C for 2 hours to fix DNA on the filters. The pre-hybridization 
and hybridization conditions and the subsequent washing of the filters is 
described  in the  Southern Blotting section. This fu rther selection 
procedure ensured that the putative positives represented recombinants 
rather than vector DNA which had lost b-galactosidase com plem entation 
activity by a deletion. After identification of the positives, glycerol stocks 
w ere m ade from the corresponding colonies and kept at -70 °C and the 
confirmation of the size of the DNA insert was obtained by restriction 
enzyme digest of plasmid DNA made by a 'mini-prep' method.

2.2.1.7 Southern Blotting

2.2.1.7.1 DNA Transfer

The transfer of DNA from agarose gels to nitrocellulose or nylon 
mem branes was carried out as described by Maniatis et a l (1982). When 
Hybond-C nitrocellulose filters were used, the DNA was fixed to the filter 
by baking for 2 hours at 80 °C in a conventional oven. The fixing of DNA
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to Hybond-N membranes was carried out by UV illumination (254nm) for 
3-5 minutes with the DNA nearest to the light source.

2.2.1.7.2 Hybridization of Southern blots

The membranes were prehybridised in heat sealed plastic bags for a
m inim um  of 2 hours in 6x SSC and lx  D enhardt's reagent [0.2 % (w/v)
BSA, 0.2% (w /v) polyvinylpyrrolidone/ 0 .2% (w /v) Ficoll] a t 65°C.
100pg/m l of heat denatured, fragmented salmon sperm  DNA was added
30 minutes before the addtion of the radiolabelled probe. Sufficient heat

%

denatured probe was added so that the final activity was approxim ately 
106cpm /m l. The filters were hybridised for a m inimum of 12 hours before 
washing initially at a low stringency of 2x SSC, 0.1% SDS for 30 minutes at 
65 °C. The stringency and num ber of subsequent washes were determined 
by the level of the activity left on the filter as m onitered with a Geiger 
counter. The stringencies of the washes were increased by reducing the 
concentration of SSC; a typical high stringency wash was O.lx SSC, 0.1% 
SDS at 65 °C for 30 minutes. The filters were then w rapped in Saran Wrap 
whilst dam p and autoradiographed. Nitrocellulose and nylon membranes 
were treated identically.

2.2.1.8 DNA Sequencing

This was perform ed using the 'Sequenase' kit supplied  by United 
States Biochemical Corporation. This procedure is a m odification of the 
chain term ination m ethod of DNA sequencing originally described by 
Sanger et al. (1977) which utilises the enzym e ’Sequenase*, a m odified 
form  of T7 DNA polym erase. M13 single- stranded  DNA or double
stranded plasmid DNA was used for sequencing reactions. The products of 
the sequencing reactions were run on 6% polyacrlyamide denaturing gels.
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2.2.2 RNA

2.2.2.1 Preparation of RNA

A. Large scale isolation of total RNA

Total RNA was isolated from large num bers of mam m alian cells (up 
to 108) by using a m odified version of the guanid in ium /C sC l m ethod 
described by Chirgwin et al. (1979). The washed cell pellet was lysed and 
dispersed in 5ml of lysis buffer (4M guanidinium  isothiocyanate, 0.1 M b- 
mercaptoethanol, pH5.0). This extract was then layered above 2.2ml 5.7M 
CsCl, 0.1 M EDTA, pH5 in Beckman SW41 polyallomer tubes. The tubes 
were then centrifuged at 25K rpm  for 22 hours at 17°C after which the 
supernatan t was rem oved by aspiration. The RNA pellet was briefly 
w ashed in 70% ethanol, then resuspended in 400ml of 'RNA dissolving 
buffer' (50mM Tris-HCl pH  7.4, 25mM EDTA, 1%SDS). After extraction 
w ith a 4:1 mixture of chloroform and butan-l-ol, the organic phase was re
extracted  w ith  an equal volum e of 'RNA dissolving buffer'. A fter 
combining the two aqueous phases, the RNA was precipitated by adding 
3x vol EtoH and 1/10 vol sodium  acetate, pH5.2 at -70 °C overnight. The 
RNA w as recovered by centrifugation, w ashed w ith 70% EtOH, dried  
under vacum , resuspended in ice cold H2O and stored at -70°C. An

aliquot was removed for spectrophotometric determination.

B. Small scale preparation of total RNA.

A m odification of the guanid in ium /C sC l m ethod as described by 
W ilkinson (1988) was used to isolate total cellular RNA from a maximum 
of approxim ately 107 m ammalian cells. The plates of cells were washed 
and then harvested into 1ml PBS. After low speed centrifugation in a 
microfuge, the PBS was rem oved and the cell pellet dissolved in 0.5 ml 
g uan id in ium  lysis buffer (4M guan id in ium  isothiocyanate, 1M b- 
m ercaptoethanol, 25 mM sodium  acetate, pH5.2). This hom ogenate was 
then loaded onto a cushion of 220pl of 5.7M CsCl in a Beckman m ini
ultracentrifuge tube. The tubes were filled up  w ith guanidinium  lysis
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buffer and then spun in a Beckman TLS 55 rotor at 55K rpm , 17°C for 3 
hours. After removal of the supernatant the rem aining pellet was then 
resuspended in 150 |il of H2O at 0WC and incubated on ice for 30 minutes. 
The solution of dissolved RNA was then ethanol precipitated at -70 °C for 
30 m inutes, recovered by centrifugation, w ashed, d ried  and typically 
resuspended in 30 }il H2O. An aliquot was taken for spectrophotometric 
analysis.

2.2.2.2 RNA Electrophoresis.

D enaturing 1% agarose slab gels were prepared in lx  ME A buffer 
(20mM MOPs, Im M  EDTA, 5mM sodium acetate in H2O and adjusted to 
pH7.2 w ith  NaOH) and form aldehyde was added  before casting to a 
concentration of 2.2M. The RNA samples (up to 20pl of total RNA) were 
denatured prior to loading by mixing with sam ple buffer [lx  MEA, 50% 
formamide, 2.5M formaldehyde] and heating to 65 °C for 15 minutes. The 
sample was mixed with 6x loading buffer (50% glycerol, Im M  EDTA, 0.4% 
bromophenol blue) and the gel run in lx  MEA buffer at 100V usually until 
the brom ophenol blue had m igrated 100 mm from the well. A peripheral 
size m arker track of total RNA was removed prior to the blotting stage. 
This track was fixed in 10% TCA for 30 m inutes and then washed in two 
changes of 1M Tris-HCl, pH7.5 for 20 minutes. The RNA was then stained 
by adding  ethidium  brom ide (0.5jig/ml) to the wash solution and the 
prom inent bands of ribosomal RNA were visualised by UV illumination.

2.2.2.3 N orthen Blotting

2.2.2.3.1 RNA transfer

The agarose gels were blotted as described by Maniatis et al (1982) but 
om itting any treatm ent of the gel before transfer. For gels 20xSSC was 
used as the transfer buffer .The nitrocellulose filters were baked for 2 hours 
at 80 °C in a oven to fix RNA on the filters. RNA run on j acrylamide gels 
was transfered to the nitrocellulose filters by electroblotting in 0.5x TBE for 
overnight at 210 mA.
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2.2.2.3.2 Hybridization of Nothem Blots.

The filter was p rehybrid ised  at 42 °C for at least 5 hours in 
hybridization buffer (50% form am ide, 5xSSC, 0.05 M , phosphate buffer, 
IxD enhafdt’s solution, 500|ig/m l salmon sperm  DNA, 0.1% S DS, and 5% 
Dextran sulphate). At the end of thejprehybridisation the blot was 
transfered to plastic bag in 10-15mls of hybridisation solution and the 
denatured probe added at 107cpm /m l and the bag sealed excluding air 
bubbles. This was incubated shaking gently at 42 °C for 24 hours. After 
hybridization the blot was washed to 2x SSC, 0.1% SDS for 30minutes at 
42 °C. This was followed by a series of washes at 65 °C where the stringency 
was increased by lowering the ionic i  strength of the w ash and varing the 
times of incubation. The wash conditions w eredeterm inedby the level of 
activity left on the filter asm onito redby  a Geiger counter.

2.2.2.4 Nuclear Run-on Assays.

2.2.2.4.1 Preparation of Nuclei.

Approximately 5x 106 mammalian cells were used to make i>uclei for 
one nuclear run  on reaction. Cells were w ashed and harvested in ice 
cooled PBS. All further steps were carried out at 4°C. The cells were 
resuspended in 0.5 ml of lysis buffer (lOmM Hepes, pH  7.9, lOmM MgCl2, 
0.05% (v/v) NP40), and incubated for 5-10 m inutes on ice. Lysis was 
checked under a microscope. The sample was underlayed w ith an equal 
volume of lysis buffer containing 30%(w/v) sucrose and centrifuged for 3 
m inutes at 8,000 rpm  in a microfuge. All liquid was carefully rem oved 
and this process was repeated twice more to lyse cells completely and 
rem ove cytoplasmic debris. The nuclei were resuspended in 0.1 ml of 
freezing buffer (50mM j H epes, pH  7.9, 40% glycerol, 5mM MgCl2, O.lmM 
EDTA), snap frozen and stored at -70 °C.
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2.2.2.4.2 Nuclear Run-on Reactions

N uclear run-on reactions were carried out as described by Greenberg 
and Ziff (1984) w ith slight modifications. 'The transcription buffer (2x) 
contained 50mM Hepes, pH  7.9, 120mM KC1, 20mM DTT, 30mM b- 
m ercaptoethanol, 5mM m agnesium  acetate, 2mM MnCl2, Im M  EDTA, 
8mM phosphoenolpyruvate, 8mM fructose phosphate, 0.6units pyruvate 
kinase, l% (v /v ) Tween 80, 2mM jdeoxythymidine diphosphate, Im M  each 
of ATP, GTP and UTP, 10|iM CTP, 25units RNasin, 0.4m g/m l H eparin 
together w ith 3|il of [a-32P]CTP. The transcription reaction was started by 
mixing an equal volum e of nuclei and transcription buffer. After one 
hour a t room  tem perature, 80|ig tRNA, 6pg RNase-free DNase and 
50units RNasin was added and left for a further 30 m inutes at room  
tem perature. The reaction was then made up to lOmM Tris-HCl, pH7.5, 
5mM EDTA, and 1% (w /v) SDS, proteinase K (40pg) was added, and the 
reaction incubated at 37 °C for lhour. The RNA was extracted w ith 
phenokchloroform  and ethanol precipitated overnight at -70 °C before 
being taken up in TE, and added to the hybridization.

2.2.2.4.3 Hybridization

The DNA samples to be applied to the nitrocellulose filters were 
d en a tu red  in 0.3M N aO H  by boiling for 3 m inutes follow ed by 
neutralisation in 2M am m onium  acetate, pH  5.5. 3-5|J.g of each DNA 
sample was applied to nitrocellulose filters in the presence of 2xSSC and 
fixed by baking at 80 °C for 2 hours. The filters were prehybridised for 16 
hours at 42°C in a buffer of 4xSSC, 50mM N aP047 pH  7.0, lxD enhardt's 
solution, 0.2%(v/v) SDS, 50%(v/v) formamide, 20 |ig /m l tRNA in H 2O. 
The RNA probes were added to these pre-hybridized filters and incubated 
at 42 °C for 96 hours in the same buffer. The filters were then subjected to a 
series of washes: 2xSSC/0.1% SDS for 5 m inutes at room  tem perature 
follow ed by 30 m inutes at 65 °C, 2xSSC twice at room  tem perature, 
2xSSC/20|ig/m l RNase A for 30 minutes at room tem perature and finally
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2xSSC/0.1% SDS for 30 m inutes at 65 °C. The filters w ere then  
autoradiographed.

2.2.3 PROTEINS

2.2.3.1 Protein Concentration Determ ination

This was carried out exactly as described in the Pierce BCA protein assay 
procedure manual. The cell samples were suspended in PBS and subjected 
to three cycles of freeze/thaw ing prior to use in the assay.

2.23,2 Preparation of protein samples for SDS gel electrophoresis

To analyse proteins present in tissue culture samples, the cell pellet 
was resuspended directly in SDS sample buffer (0.0625M Tris-HCl, pH6.8, 
2% SDS, 5% b-mercaptoethanol, 10% glycerol, 0.002% brom ophenol blue) 
and then boiled for 3 minutes. After a 3 m inute spin in a microfuge to 
rem ove insoluble m aterial the sample was loaded onto the gel. W here 
protein  sam ples were already suspended in a buffer, then an equal 
volume of 2 x sample buffer was added prior to boiling.

2.2.3.3 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated in denaturing SDS-polyacrylamide slab gels 
gels employing the discontinuous buffer system based on the m ethod of 
Laemmli (1970). The gels were made between two glass plates (200mm x 
160mm and 200mm x 190mm) and w ere 1.5mm thick. A range of 
acrylamide concentrations were used for the resolving phase depending 
upon the size of the proteins which required resolution. The acrylamide 
for both the upper phase and lower phase were taken from a 30% stock of 
29.2% (w/v) acrylamide, 0.8%(w/v) N ,N -m ethylene bisacrylam ide. The 
lower gel was m ade up in a buffer of final concentration 0.375M Tris-HCl 
pH8.8, 0.1% SDS. The upper stacking phase of the slab gels was always 5% 
acrylamide and was m ade up in a buffer of final concentration 0.125M
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Solution
components

5% stacking 
gel (12ml)

Resolving gel (40ml)

6% 8% 12%

30% acrylamide 2.0 8.0 10.7 16.0

1.0M Tris,pH6.8 1.5

1.5M Tris,pH8.8 10.0 10.0 10.0

10% SDS 0.12 0.4 0.4 0.4

H 20 8.2 21.2 18.5 9.2

10% APS 0.12 0.4 0.4 0.4

TEMED 0.012 0.032 0.024 0.016

Table 2-1. The com position of the stacking and resolving phases of 
acrylamide gel. All values are in mis. except where indicated.
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Tris-HCl, pH  6.8, 0.1% SDS. The gels were polym erised chemically with 
am m onium  persulphate (APS) and TEMED (N, N , N ',N '-tetram ethyl- 
ethylene diamine), as shown in table 2-1. The resolving gel m ixture was 
degassed for 3-5 minutes prior to the addition of APS. The gel was poured 
between the glass plates to within 3 cm of the top of the smaller glass plate 
and then overlaid with butan-l-ol and allowed to set. After this period, 
the butanol was washed off with water and the stacking gel poured onto 
the resolving gel, into which a comb was inserted and the gel left to 
polymerise. The gels were loaded onto a vertical gel apparatus and run  in 
a buffer of 25mM Tris-HCl, 250mM glycine, pH8.3, and 0.1% SDS. Typically 
75|ig of total cellular protein  was loaded into each well. W hilst the 
proteins migrated through the stacking layer the gel was electrophoresised 
at 50 mA then it was run  at 60mA usually until the brom ophenol blue 
dye, present in the loading buffer, reached the bottom  of the gel. After 
separation of the gel plates, the resolving layer was either fixed and 
stained or subjected to electroblotting.

2.2.3.4 Staining polyacrylamide gels.

Gels were either stained immediately after electrophoresis, or after 
electroblotting. The gel was incubated by shaking at room tem perature for 
a m inim um  of 4 hours in fixing solution (50% methanol, 5% acetic acid, 
45% H 2O) with 0.1% Coomassie brilliant blue. The gel was then destained

by diffusion by being placed in fixing solution w ithout the dye and 
incubated until the desired contrast betw een background and protein 
staining had been achieved.

2.2.3.5 Electro-(Westem) Blotting.

P ro te in s  w ere  tran sfe red  from  p o ly ac ry lam id e  gels on to  
nitrocellulose filters by the m ethod described by|Towbin et al. (1979). A 
sheet of nitrocellulose was overlaid onto the resolving gel taking care to 
expel any air bubbles. This arrangement was then assembled into a Biorad 
Transblot 'sandwich' apparatus which, in turn, was placed in the blotting 
cell so that the gel was proximal to the negative terminal. The 'cell' was
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filled w ith electrophoresis blot buffer (25mM Tris-HCl, 192 mM glycine, 
20% m ethanol pH  8.3) and 210mA was applied for a m inim um  of 14 
hours. Gels of a greater concentration than  5% w ere stained w ith 
coomassie blue after blotting.

2.2.4 CELL CULTURE TECHNIQUES

2.2.4.1 Freezing, thawing and maintenance of cell lines

Cells were prepared for freezing by resuspending them  in their 
grow th  m edia supplem ented with 10% extra bovine serum  and 10% 
DMSO (Dimethylsulphoxide) at a density of approximately 3x10^ cells/m l. 
The cells were then frozen slowly overnight at -70°C in a polystyrene box. 
The cells were subseqently moved to a long term  liquid nitrogen store. 
The thawing of cells was effected as rapidly as possible by incubating the 
freezing vial at 37 °C and then immediately adding the contents to normal 
grow th medium. Cell lines were passaged by standard  techniques using
0.35% trypsin in versene. The media requirem ents for the grow th of the 
cell lines have been described in the Materials section.

2.2.5 CELL TRANSFECTION AND CAT ASSAY

2.2.5.1 Calcium phosphate transfection method

Cells were transfected using the calcium phosphate technique of 
Gorman (1986) witli slight modifications. Cells were plated out at a density 
of 104/  cm2- On the following day, half of the m edium  was removed from 
the plates and cells were incubated for another 3 hours. The calcium 
phosphate-DNA precipitate was prepared as follows; 5-10 pg DNA was 
added to 3 l|p l 2M CaCl2 in a final volume of 25ojp l. This solution was 
then added dropwise to an equal volume of 2xHBS [1.64%(w/v) NaCl, 
1.19%(w/v) Hepes, 0.04%(w/v) N a2P0 4 , freshly adjusted to pH7.12 with 
1M NaOH]. This was then| im m ediately added to the cells and DNA 
allowed to precipitate onto the cells overnight. On the next day media was
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rem oved, w ashed w ith serum-free m edia and then fed w ith complete 
m edia.

After 48-72 hours the cells were w ashed w ith PBS, harvested and 
resuspended in lOOl M-l of 0.25mM Tris-HCl pH7.8. The cells were disrupted 
by three rounds of freezing-thawing in liquid nitrogen and a 37°C water 
bath. Cell debris was spun out and the protein content of the supernatant 
was determ ined with a Pierce BCA protein reagent kit exactly as described 
in their booklet.

2.2.5.2 Chloramphenicol Acetyl Transferase (CAT) assays

CAT assay was perform ed w ith the m ethod of G orm an (1986) 
w ithout any modifications. The reaction m ixture contained 70|pl 0.25M 
Tris-HCl pH7.8, 35jld H 2O, 20||il cell extract, 1 \i\ [14C ]C hloram phenicol 
(40-50Ci/m m ol)(N EN ), and 20j l l 1 of 4mM acetyl Co-A. This mixture was 
incubated for 30-60 minutes at 37°C and extracted w ith lm i ethyl acetate. 
The d ried  chloram phenicol sam ples w ere resu sp en d ed  in 20pl 
ethylacetate and spot onto silica gel thin layer chrom atography (TLC) 
plates. The TLC plate was subjected to assending chrom atography with a 
95:5 m ixture of chloformimethanol. After air drying, the plate was exposed 
overn ight.

2.2.6 VIRUSES

2.2.6.1 Infection with Herpes simplex virus

M onolayers of cells which were just subconfluent were infected at a 
high m ultiplicity of 5-10 pfu /ce ll in a volume of m edia w ithout serum  
sufficient to cover the surface of the plate. The viruses were allowed to 
adsorb onto the cells for 1 hour at 37 °C after which the norm al growth 
m edia was added back to the cells. All plastics, glassware etc exposed to 
viruses were soaked in 5% diversol to avoid any danger of infection.

2.2.6.3 Propagation and titration of virus
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H igh titre virus stocks were prepared  in BHK-21 cells clone 13 
(M acpherson and Stoker, 1962) except where stated. After infection at a 
m ultiplicity of 0.0001-0.001 p fu /cell, the cells were incubated to a stage 
where nearly all of them displayed a cytopathic effect(cpe) but they had not 
detached from the surface of the dish. The cells w ere harvested and 
pelleted in the grow th medium. The cell pellet was resuspended in 1ml 
media per plate and subjected to 3 cycles of freeze-thawing between a dry 
ice/ethanol bath and a 37°C bath. The cell debris was jseparated from the 
virus particles by low speed centifugation in a microfuge. The (supernatant 
was stored at -70 °C.

Subconfluent monolayers of Vero cells were infected by the m ethod 
described above with a range of dilutions of the virus stock. The cells were 
then overlaid w ith RPMI m edium  containing 2% FCS and 0.5% (v/v) 
car boxy methyl cellulose. The cells were incubated for 2 to 3 days at 37 °C 
until they formed clear plaques at the sites of lysis. The m edia was then 
rem oved and the cells were fixed in methanol: glacial acetic acid (3:1) 
followed by staining w ith 1% crystal violet in 0.9% NaCl. The virus- 
induced plaques were then calculated and the virus titre expressed in 
terms of plaque-forming units.

2.2.6.3 Preparation of j  IE protein extracts.

Cells were infected and labelled according to the procedure of Preston 
et al. (1978). This procedure maximizes the production of the IE proteins of 
HSV-1. HeLa cells (2x106 cells in 50mm dishes) were preincubated for 30 
min in the presence of cycloheximide (100m g/m l) and then infected with 
the wild-type or m utant (tsK) viruses at a m.o.i. of lOp.f.u./cell. After a lh  
adsorption period, the cells were re-fed w ith growth m edium  containing 
cycloheximide and incubated at 37°C for a further 4h. The cells were then 
w ashed three times w ith PBS, once w ith PBS containing 2 .5 m g /m l 
actinomycin D and then incubated for further a 90 min. The cells were 
then w ashed w ith PBS, scraped and harvested by centrifugation. The 
protein sample from these cells was prepared and analysed using the 
procedure described in the protein section.
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2.2.7 DNA MOBILITY SHIFT ASSAYS.

2.2.7.1 Preparation of protein extracts.

Protein extracts were prepared from either nuclear or cytoplasmic 
fraction of cells. Nuclear extracts were used to detect pol II transcription 
factors whereas cytoplasmic extracts were used for pol HI transcription 
system.

A. Nuclear extracts.

Nuclear extracts were prepared by the method of Dignam et al. (1983) 
with a slight modification. All operations were done at 4°C. HeLa cells 
were harvested, washed with PBS, and resuspended in five packed cell 
pellet volumes of buffer A and allowed to stand for 10 min. The cells were 
collected by centrifugation and resuspended in two pellet volum es of 
buffer A* and lysed by homogenization. The homogenate was centrifuged 
for 10 m in at 2000 rpm  in a Beckman JA20 rotor to pellet nuclei. After 
decanting the supernatant, the nuclear pellet pellet was resuspended in 3 
ml of buffer B* per 109 cells and hom ogenized again. The resulting 
suspension was stirred gently for 30 min and then centrifuged for 30 min 
at 12,000rpm in a Beckman JA20 rotor. The resulting clear supernatant 
was dialyzed against 50 volumes of buffer C* for five hours. The dialysate 
was centrifuged at 12,000rpm  and the resulting supernatant was frozen as 
aliquots in liquid nitrogen and stored at -70°C. The protein concentration 
was determined by the Pierce BCA protein assay method.

♦Buffer A; lOmM Hepes, pH7.9,1.5mM MgCl2,10m M  KC1 and 0.5mM 
DTT.

♦Buffer B; 20mM Hepes, pH7.9, 25%(v/v) glycerol, 0.42M NaCl, 1.5mM 
MgCl2, 0.2mM EDTA, 0.5mM PMSF, and 0.5mM DTT.

♦Buffer C; 20mM Hepes, pH7.9, 20% (v/v) glycerol, 0.1M KC1, 0.2mM 
EDTA, 0.5mM PMSF, and 0.5mM DTT.
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B. Cytoplasmic extracts.

Cytoplasmic extracts were prepared as described by Dignam et a l 
(1983) with the following modifications. Cells were harvested and washed 
w ith five times the packed cell volume of buffer A*. Two packed cell 
pellet volumes of buffer A was then added and the cells were allowed to 
swell for 15 m in on ice. Cells were disrupted in a Dounce homogenizer by 
10-20 strokes w ith a B pestle. One tenth volume of Buffer B* was added 
and the lysate was centrifuged at 100,000xg for 60 min. Glycerol was added 
to the supernatant to 20%. These SI 00 extracts were frozen as j aliquots in 
liquid nitrogen and stored at -70°C. For the fractionation, the extracts were 
dialyzed against 50 volumes of buffer C* before freezing.

♦Buffer A; lOmM Hepes, pH7.9, lOmM KC1,1.5mM MgCl2 and 0.5 mM 
DTT.

♦Buffer B; 30mM Hepes, pH7.9,1.4M KC1 and 0.03M MgCl2.
♦Buffer C; 20mM Hepes, pH7.9, 20 %(v/v) glycerol, 0.1M KC1, 0.2mM 

EDTA, 0.5mM PMSF, and 0.5mM DTT.

2.2.7.2 Fractionation of protein extracts.

The phosphocellulose columns (W hatman P -ll)  w ere prepared by 
following exactly the manufacturer's guide. The extracts (50mg protein in 
10ml of buffer C containing 0.1 M KC1) were applied to the columns 
equilibrated w ith buffer C (20mM Hepes,pH7.9, 20% glycerol, 0.2mM 
EDTA, and 0.5mM DTT) containing 0.1M KC1. Each column was washed 
w ith buffer A and the bound protein was successively step-eluted (2 
column volumes) with buffer C containing 0.1. 0.3, 0.6, and 1.0M KC1. The 
protein concentration of each fraction was j m easured by the Pierce BC A 
m ethod.

2.2.7.3 |Dephosphorylation and Kinasing of protein extracts

For some experim ents extracts w ere either dephosphorylated  or 
kinased before adding to the binding mixtures. For phosphatase reactions,
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A cid [phosphatase from  potato  (G rade I, B oehringer M annheim  
Biochemicals) was spun out of (NH4>2S04  suspension, dissolved in lOmM 
PIPES-HC1 (pH6.0) , and then added to HeLa crude protein  extracts. 
Approximately lm g  [.06 units] of enzyme was added to 5mg of each protein 
sample. Reaction mixtures was incubated at 37°C for 15 m in and Sodium 
phosphate (pH 7.9) was then added to ImM  to inhibit the phosphatase.

For Kinase reactions, 1 unit of the catalytic subunit of protein kinase 
A (Sigma) was added to 5 mg of extracts supplem ented w ith lOmg BSA 
and 2mM ATP, and incubated for 15 min at 37°C.

2.2.7.4 Gel mobility shift assays

The procedure was largely based on that described by Fried and 
Crothers (1981) with a slight modification. Except where noted otherwise, 
the final concentrations of binding reactions w ere 4% (w /v) Ficoll, 
4% (v/v) glycerol, 7mM MgCl2, 20mM Hepes, pH7.9, 0.2mM DTT, 0.04mM 
EDTA, lOOmM KC1, 4m g of poly(dI* dC) poly(dI- dC) (Pharmacia), and 3- 
5m g of either crude extract protein or chromatographic fraction protein. 
The probe was prepared either by end filling of DNA fragments from Alu 
clone, pCD107, using Klenow fragm ent of DNA polym erase I or by 
kinasing of oligonucleotides using T4 kinase. A total volume of 20 ml was 
incubated at 4°C for 40 min. The 4% polyacrylamide gel in 0.25xTBE was 
preelectrophoresed at 150 mA(~30mA at the begining of the run) for 2-3 
hours in the cold room  (4°C). A fter load ing  reaction  m ixtures, 
electrophoresis was carried out for a further 2-3 hours. Gels were dried 
and exposed to X-ray film.

2.2.8 IN VITRO TRANSCRIPTION

In vitro transcription assays w ere carried out by the m ethod of 
Fuhrm an et a l (1981). Standard reactions contained 8mM Hepes, pH  7.9, 
9% (v /v )  glycerol, 4.5mM Mgcl2, 60mM KC1, 4mM phospho-enol- 
pyruvate, 0.2mM DTT, 0.5mM each ATP, GTP, and UTP, 25yM  [a-32P] CTP 
( C i/m m ol), 0.5pg/m l a-amanitin, and 0.2-0.5|ig DNA in a final volume of 
25|il. 5-IOjj.I of cytoplasmic extracts were added and the reaction mixtures
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were incubated for 60 min at 30°C. RNA synthesis was stopped by adding 
RNase-free DNase I and the RNA was isolated by phenol/chloroform  
extraction and ethanol precipitation. The purified RNA was subject to 
electrophoresis on 4% polyacrylam ide/7M  Urea in lxTBE. Gels were 
autoradiographed at -70° C.

2.2.9 South- Western analysis.

Samples containing 20pg of protein w ere subjected to the usual 
western blotting procedure. After transfer, the polypeptides were directly 
denatured on the membrane with 6M guanidine-HCl for 30min at room 
tem perature and subsequently renatured  overnight in lOmM Hepes, 
pH7.9, lOOmM KC1. 0.1% NP-40, ImM  DTT. The nitrocellulose strips were 
incubated w ith blocking buffer (lOmM Hepes, pH7.9, Im M  DTT, 5% 
nonfat milk powder) for 60min at room tem perature and washed twice 
with lOmM Hepes, pH7.9, ImM  DTT. Binding reactions to different DNA 
probes were performed for 120 min at room tem perature in lOmM Hepes, 
pH7.9, 50mM NaCl, O.lmM EDTA, ImM  DTT, and 0.25% milk powder. 
The filters were hybridized with concatenated oligonucleotides labelled 
with 32P-CTP by nick translation and at an the activity of 3.5xl07cp m /m l 
binding reaction. After incubation for at least 2 hours at room tem perature 
, the filters were washed twice with lOmM Tris, pH  7.5, 50mM NaCl and 
then autoradiographed at -70°C.

2.2.10 POLYMERASE CHAIN REACTION (PCR)

The transcripts were amplified with the Hybaid therm al reactor by 
the PCR Protocol | (Kawasaki, 1988) with modification. Initially, the 
RNA was converted to cDNA by reverse transcriptase reaction. The 
following reagents were assembled in a final volume of 20j l l 1 lxPCR buffer: 
ImM  each dNTP, lu n it/p l of RNasin, 100 pmol random  hexamer, 1 to 5pl 
of RNA sam ple, and 200 units of MMTV reverse transcriptase. The 
m ixture was incubated for 60 min. at 37°C. To the reverse transcriptase 
reaction, 80}il of lxPCR buffer containing 10 to 50 pmol each of upstream  
and downstream primer and 1 to 2 units of Taq polymerase was added. To
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prevent evaporation of liquid during thermal cycling, lOOpl of mineral oil 
w as layered on top of the PCR solution. The num ber of PCR cycles 
required depended on the abundance of the target. Usually, 30 cycles was 
used. A therm al cycle profile used for Alu repeats and  actin is (1) 
denaturing for 30 seconds at 95 °C, (2) annealing primers for 30 seconds at 
55 °C, (3) extending the primers for 30 seconds at 72 °C, and so on. The PCR 
products were checked by electrophoresis on 2% agarose gel.
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CHAPTER 3 INDUCTION OF ALU REPEATED SEQUENCE 
TRANSCRIPTION BY HSV INFECTION

3 .1  Introduction

Several DNA viruses such as adenovirus, pseudorabies v irus, and  
hepatitis B virus are known to activate the expression of transfected polin  
genes, bu t do not affect the expression of the corresponding endogenous 
genes (Gaynor et al., 1985; Berger and Folk, 1985; Aufiero and Schneider, 
1990). On the other hand, in SV40-transformed cells, the B1 and B2 RNAs 
transcribed from the endogenous genes by RNA polymerase HI are present 
at 20-fold-higher levels than in normal cells (Scott et al.,1983; Singh et 
al.,1985a,b; Carey et al., 1986b).

In this chapter, the effect of HSV infection on the expression of Alu 
repeats will be investigated. As Alu repeats are similar to B1 and B2 repeats 
in abundance and structure (Schmid and Jelinek, 1982; Ullu and Tschudi, 
1984), it is quite interesting to examine w hether the endogenous level of 
A lu repeats are affected by HSV infection. Also, Alu repeats provide a 
unique opportunity  to investigate the effects of virus infection on the 
transcription of the same sequences by RNA polym erase II and RNA 
polymerase III because they can be transcribed by both polymerases (Allan 
et al., 1983; Perez-Stable et al., 1984).

Although eukaryotic genes are known to be regulated at several stages 
which occur from transcription to translation (Darnell, 1982), regulation of 
Alu repeats by HSV infection must be confined to the RNA level because 
their transcripts are not translated into proteins and appear to reside in the 
nucleus, and, most importantly, they are not actively transcribed in normal 
cells (Schmid and Jelinek, 1982; Paulson and Schmid, 1986). Therefore, this 
chapter will focus on the changes in the transcription of Alu repeats by 
HSV infection.

Most of the results described in this chapter were obtained from nuclear 
run-on  assays. This m ethod has been a pow erful m olecular biology 
technique that measures the transcription rates of genes (Darnell, 1982). In 
this m ethod, the RNA polymerases caught in the act of transcription 
co n tin u e  e lo n g a tin g  the  sam e RNA m olecu les u s in g  labe lled  
ribonucleotides in vitro. Then the label incorporated into any particular 
transcrip t is detected by hybridization to its corresponding DNA. To 
differentiate the effect of HSV infection on the transcription of Alu repeats
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by RNA polymerase II and RNA polymerase El, a-am anitin was added to 
the nuclear run-on reactions to the level sufficient to inhibit pol n  bu t not 
pol IE. a-am anitin is a fungal toxin which rapidly inhibits the activity of 
RNA polym erase II at low concentrations (lu g /m l) (Leiws and Burgess, 
1982). RNA polym erase III is inhibited by high concentrations of a -  
am anitin (lOfig/ml) whereas RNA polymerase I is not affected.

3 .2  Results

3 . 2 . 1 .  Alu repeats are induced at the transcriptional level by HSV 
infection

Initially, the steady state level of RNA derived from Alu repeats in 
mock- and HSV-1 infected cells was examined. For this purpose, HeLa cells 
were infected with HSV-1 for 6 hours at a multiplicity of 10 p.f.u. and total 
RNA w as isolated. The expression of Alu RNA in infected cells was 
compared to that in mock-infected cells by northern blotting (Fig. 3-1) using 
an Alu clone, Blur 11 (Deininger et al., 1981) as a probe. A smear of high 
m olecular weight Alu containing RNA was detected, the abundance of 
which decreased slightly upon infection. In contrast, small RNA species of 
approxim ately 200-300 bases in size increased about five fold in abundance 
upon infection. Although it is not conclusive at this stage, it is intriguing 
to consider that the small sized RNAs are pol III transcripts of Alu repeats 
and their abundance is increased by HSV-1 infection whereas the large 
sized ones are derived from pol II transcripts of Alu repeats in unspliced 
hnRNAs and mRNA and they are down-regulated because of the general 
shut dow n of pol II transcription by HSV infection.

Next, a nuclear run-on assay was employed to prove this hypothesis 
and to investigate w hether these effects occurred at the transcriptional 
level. For this, nuclei were prepared from mock-infected or HSV-1 infected 
HeLa cells 5 hours after infection at a multiplicity of 10 p.f.u. Decreased 
transcription of the Alu repeated sequences was detected in the infected 
cell nuclei indicating that overall Alu transcription by RNA polymerase E 
and RNA polym erase III falls in infected cells (Fig. 3-2, a and b). As 
expected, the transcription of the ICP22 gene, a HSV-1 im m ediate early 
gene, was detected only in infected cells. The transcription of H 2B was 
decreased by HSV infection.
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Another nuclear run-on assay was perform ed in the presence of a- 
am anitin at a concentration of 2.5 M-g/ml to inhibit RNA polym erase II 
w ithou t affecting RNA polym erase III. In th is experim ent, increased 
transcription of Alu repeated sequences was observed in the HSV infected 
cell nuclei compared to the mock-infected one (Fig. 3-2, c and d), indicating 
that the transcription of Alu repeats by RNA polymerase III is elevated in 
infected cells against a background of declining transcription by RNA 
polym erase II. Therefore, these nuclear run-on experim ents prove that 
HSV infection increases the RNA level of Alu repeats and this effect occurs 
at the transcriptional level by RNA polym erase III. As expected the 
transcription of the HSV ICP22 gene and the cellular histone H 2B gene by 
RNA polymerase II was abolished by the a-am anitin  treatm ent w hereas 
the transcription of 18S ribosomal RNA (123) was not affected (Fig. 3-2, c 
and d) confirming that this treatm ent differentially affected polymerase II 
and  polym erase III transcrip tion . All the follow ing nuclear run-on  
experiments unless otherwise stated were carried out in the presence of a- 
am anitin  at the concentration of 2.5 |ig /m l to detect only pol III 
transcription of Alu transcripts.

A nuclear run-on assay was perform ed using HSV-2 infected HeLa 
cell nuclei to test whether the effect is observed also in HSV-2 infection. 
HSV-2 is closely related to HSV-1 in genomic structure, replication mode, 
and in pathogenesis (Spear and Roizman, 1980; Challberg and Kelly, 1989). 
Here once again, HSV-2 infection increased transcription of Alu repeats by 
RNA polymerase III (Fig. 3-3 a, b). Two different clones of Alu repeats, 
Blur 11 and pCD107, were used for this experiment and both of which were 
increased upon  virus infection. Therefore, HSV-2 as well as HSV-1 
increases the transcription of Alu repeats by RNA polymerase m  indicating 
this is a general effect of HSV infection.

To check the strand specificity of the induction of Alu repeats by HSV 
infection, the Alu insert of Blur 11 clone was subcloned into the M13 
vector and both strands of Alu repeats were prepared by isolating single 
stranded M l3 DNAs. In this experim ent, only the norm ally transcribed 
strand of Alu repeats was increased by HSV infection and transcription of 
the other strand was unaffected (Fig. 3-4 and 3-6). Therefore, HSV infection 
induces the transcription of Alu repeats by acting on the usual pol III 
transcription system. As before, two Alu clones, Blur 11 and pCD107, 
show ed higher transcription in HSV-1 infected cells com pared to mock- 
infected cells.

8 2



Fig. 3-1. N orthern blot analysis of Alu repeats in mock-infected and HSV- 
1 infected HeLa cells.
10 pg each of total cell RNA from either mock-infected (M) or HSV-1 
infected (I) HeLa cells was run  on 2% denaturing agarose gel. It was then 
probed w ith the Bam HI fragm ent of pCD107 (Duncan et al., 1981), which 
contains the Alu repeat insert. Labelled arrows indicate the positions of the 
28S and 18S ribosomal RNAs.
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Fig. 3-2. N uclear run-on assay of transcription in m ock-infected or 
HSV-1 infected HeLa cells. HeLa cells were either mock- infected (a and c) 
or infected w ith HSV-1 (b and d) at a m ultiplicity of 10 pfu per cell for 6 
hours and nuclear run-on assay was performed. In c and d the assay was 
carried out in the presence of a-am anitin at a concentration of 2.5 pg /m l. 
Key to spots : 1, Alu clone Blur 11; 2, control 18S ribosomal clone; 3, HSV-1 
immediate-early 4 gene; 4, histone H 2B gene.

8 5



86



1 2  1 2

3 4 3 4

Fig. 3-3. Nuclear run-on assay of transcription (in the presence of 2.5 
jig/m l of a-am anitin ) in mock-infected or HSV-2 infected HeLa cells.
HeLa cells were either mock- infected (a) or infected with HSV-2 (b) at a 
m ultiplicity of 10 pfu per cell for 6 hours and nuclear run-on assay was 
perform ed. Key to spots : 1, Alu clone B lurll; 2, control 18S ribosomal 
clone; 3, Alu clone pCD107 ; 4, histone H 2 B gene.
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Fig. 3-4 The strand specificity of the induction of Alu repeats by HSV 
infection. HeLa cells were either mock- (a) or HSV-1 (b) infected at m.o.i. 
10 pfu per cell and nuclei were prepared 4 hours after infection. N uclear 
run-on assay was perform ed in the presence of 2 .5 |ig/m l of a -a m a n itin . 
Key to spots: 1, B lurll; 2, control 18S ribosomal clone; 3, coding strand;
4, pCD107; 5, histone H 2 B gene; 6, non-coding strand.
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3.2.2. HSV infection induces RNA polymerase III transcription in vitro

To obtain further evidence of the stim ulatory effect of HSV on the 
expression of Alu repeats, the capacity of mock- and HSV-1 infected HeLa 
cell extracts to transcribe an Alu repeat was com pared by in vitro 
transcription assay (Fig. 3-5). A functional Alu clone pCD107 (Duncan et 
al., 1981) was used as a template. In this experiment, three different sizes 
of Alu transcripts in a range of 170-400 bp were transcribed from the Alu 
tem plate and all of them  appeared to increase upon infection (Fig. 3-5, 
tracks 3 and 4). These various sizes of transcripts m ust be derived from the 
use of different term ination points of transcrip tion as Alu sequences 
typically lack term ination  sites (Perez-Stable and  Schen, 1986). No 
transcripts were detected from the pBR322 tem plate confirming that the 
transcription was specific for the Alu tem plate (Fig. 3-5, tracks 1 and 2). 
This experim ent provides further evidence of the ability of HSV to 
transactivate the transcription of Alu repeats and suggests that it can also 
be observed in an in vitro extract.

3 . 2 . 2 .  Transcriptional induction of A lu repeats occurs at the im m ediate 
early stage of HSV infection

Having established that HSV infection stimulates the transcription of 
Alu sequences by RNA polym erase III, the stage of HSV replication 
responsible for this effect was investigated. According to previous reports, 
the up-regulation of cellular genes by HSV appears to occur at the several 
stages of infection. It can occur by the binding of virus to the cell surface 
(Kemp et al., 1986) or by the action of virion components including Vmw65 
(Kemp et al, 1986; Kemp and Latchman, 1988a). However, the majority of 
such cases are dependent on synthesis of the viral im m ediate protein(s) 
(Kemp and Latchman, 1988a,b).
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Fig. 3-5. Com parison of mock-infected and HSV-1 infected HeLa cell 
extracts for their capacity to transcribe Alu repeat in vitro.
HeLa cells were either mock-infected or HSV-1 infected at a multiplicity of 
10 pfu per cell for 5 hours and cytoplasmic extracts were prepared according 
to m ethod of Dignam et al. (1983). Each reaction contained 20 jig of mock- 
infected (tracks 1 and 3) or HSV-1 infected (tracks 2 and 4) cell extract and
0.5 pg of control plasm id pBR322 (tracks 1 and 2) or Alu clone pCD107 
(tracks 3 and 4) as a template for transcription.
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To find out which of these possibilities is responsible for the 
induction of Alu repeats, HeLa cells were infected with HSV-1 for various 
periods, 1, 2, 4, 6, and lOhrs, and nuclear run-on assays were performed. 
This tim e course infection showed that the induction of Alu repeats 
started from a quite early stage of infection as lh  infection was enough to 
detect clear induction (Fig. 3-6, 1). After 4h infection the induction was 
almost at the maximum level (Fig. 3-6, 3). More prolonged infection did  
not show an increased effect and the induction was actually reduced after 
more than 6h infection (Fig. 3-6, 4). Therefore the induction of Alu repeats 
by HSV probably occurs at the early stage of virus infection.

To further investigate the stage in infection at which Alu repeat 
transcription is activated, HeLa cells were infected in the presence of 
inhibitors which block viral infection at various stages. Initially, HeLa cells 
were infected in the presence of cydoheximide (0.2 m g/m l) to block protein 
synthesis and nuclei were prepared. In the nuclear run-on assay using 
these nuclei, no increase in Alu transcription by RNA polymerase III was 
observed in the infected cells compared to mock infected cells (Fig. 3-7). 
Hence, unlike the transcrip tion  of the viral im m ediate-early  genes 
(Batterson and Roizm an, 1983), the increased transcrip tion  of A lu 
sequences requires viral protein synthesis. Next, viral DNA replication was 
blocked by infecting cells treated  w ith acyclovir(0.2 m M )(Hirsch and  
Schooley, 1983). Acyclovir is a pyrim idine analogue which is the best 
known antiviral agent against acute infection w ith herpes simplex viruses. 
Through phosphorylation by the action of viral thymidine kinase it can be 
incorporated into viral DNA, thus inhibit further DNA replication. U nder 
this condition, increased A lu transcrip tion  w as observed(Fig. 3-8). 
Therefore, unlike transcription of true late genes(Honess and Roizman, 
1974), the increased Alu transcrip tion  does not require viral DNA 
synthesis.

The finding that Alu sequences behave like a viral early gene during 
infection w hich required  viral pro tein  synthesis bu t not viral DNA 
replication (Honess and Roizman, 1974; Holland et al., 1980) suggested that 
the increased transcription of Alu sequences should be dependent upon the 
presence of one or m ore of im m ediate-early proteins like early gene 
expression. Therefore, the effect should not occur following infection with 
m utant viral strains where the responsible IE protein is not functional.

To test this possibility, initially, HeLa cells were infected w ith the 
HSV-1 m utant tsK (Preston, 1979a) which carries a tem perature sensitive
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lesion in the gene encoding the IE protein ICP 4. Infections were carried 
out at the non-permissive tem perature of 39°C at which tsK cannot carry 
out a full lytic cycle but is blocked at the immediate early stage because of its 
defective ICP 4 protein which is im portant for viral replication and for 
expression of the viral early and late genes (Preston, 1979a,b). However, tsK 
still makes the other four functional im m ediate early proteins and this 
occurs at a higher level compared to wild type virus infection (Preston, 
1979b). A nuclear run-on assay of transcription using tsK-infected HeLa 
nuclei (Fig. 3-9) was performed in the presence of 2.5pg/m l a-am anitin. In 
this experiment, increased transcription of Alu repeats was observed in the 
infected cells when compared to mock-infected cells incubated at the same 
tem perature. Actually the increase in Alu transcription observed in the 
cells infected w ith ICP4 m utant virus was greater than that observed with 
w ild type virus(Fig. 3-2, c and d) This is probably due to the over
production of other imm ediate-early proteins which occurs in infection 
w ith tsK at the non-perm issive tem perature (Preston, 1979a,b). On the 
other hand, no difference in the transcriptional level of other pol III genes 
such as 7SL RNA (spot 2), 7SK RNA (spot 4), and 5S RNA (spot 6) and pol I 
transcription of 18S rRNA (|spot3) between mock- and infected cells was 
observed (Fig. [3-9) Similarly increased transcription of Alu repeats was 
observed in infection w ith another ICP4 m utant virus , tsLB2 (DeLuca et. 
al.,1985) (Fig. 3-13, a and b), confirming that ICP4 is not relevant to the 
effect.

The induction  of Alu repeats by tsK at the  non-perm issive 
tem perature reduces the boundary of possible candidates responsible for 
the effect into one or more of the other four im m ediate early proteins.
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Fig. 3-6. Time course experiment.
Nuclei were prepared from either mock-infected (M) or HSV-1 infected (I) 
HeLa cells at a multiplicity of 10 pfu per cell after lh  (1), 2h (2), 4h (3), 6h (4), 
or lOh (5) infection. Nuclear run-on assay was perform ed in the presence of
2.5 p g /m l a-amanitin. The key to spots is as indicated.
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1. Blur 11 2. 18S rRNA 3. coding strand
4. pCD107 5. H 2 B gene 6. non-coding strand
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1. Alu clone B lurll 2. 18S rRNA
3. Alu clone pCD107 4. H 2 B gene

Fig. 3-7. Nuclear run-on assay of transcription in mock-infected or 
HSV-1 infected HeLa cells in the presence of cycloheximide.
Nuclei were prepared from either mock-infected (M) or HSV-1 infected (I) 
HeLa cells at a multiplicity of 10 pfu per cell for 6 hours in the presence of
0.2 m g /m l cycloheximide and nuclear run-on assay was carried out in the 
presence of 2.5jig/ml a-am anitin.

96



1. Alu clone B lurll 2. 18S rRNA
3. Alu clone pCD107 4. H 2 B gene

Fig. 3-8. N uclear run-on assay of transcrip tion in mock-infected or 
HSV-1 infected HeLa cells in the presence of acyclovir.
Nuclei were prepared from either mock-infected (M) or HSV-1 infected (I) 
HeLa cells at a multiplicity of 10 pfu per cell in the presence of 0.2 mM 
acyclovir and nuclear run-on assay was carried out in the presence of 
2 .5pg/m l a-am anitin .
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Fig. 3-9. Nuclear run-on assay of transcription (in the presence of 2.5 
p g /m l a-am anitin) in HeLa cells either mock-infected (a) or infected with 
HSV-1 strain tsK (b) at a m ultiplicity of 10 pfu per cell for 5 hours at the 
non-permissive tem perature of 39 °C. Key to spots: 1, Alu clone Blur 11; 2, 
7SL RNA gene; 3, control 18S ribosomal clone; 4, 7SK RNA gene; 5, HSV 
thymidine kinase (TK) ; 6, 5S RNA gene.
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3 . 2 . 3 .  HSV immediate early protein ICP27 as a transactivator of RNA
polymerase III transcription.

To investigate which imm ediate early protein synthesized in tsK or 
tsLB2 infected cells was responsible for the induction of Alu transcription, 
various HSV-1 m utant strains each of which contained a m utation in the 
gene encoding one of the other four immediate early proteins were tested 
for their ability to induce Alu repeat transcription. In these experiments, 
Alu induction was observed in infections with strains carrying m utations 
in the genes encoding ICPO (Fig. 3-1 Ob), ICP22 (Fig. 3-1 Oc) and ICP 47 (Fig. 3-
11) but induction of Alu transcription was abolished in infection w ith the 
HSV-1 m utant 17X2D which carries a mutation in the gene encoding ICP 27 
and thus does not produce a functional ICP27 (Maclean et al., 1987) (Fig. 3-
12). Therefore, ICP27 is likely to be responsible for the induction of Alu 
transcription. This result was supported by infecting cells w ith a different 
ICP27 m utant, tsY46 which has a tem perature sensitive lesion in the gene 
coding ICP 27(Sacks et al., 1985). This infection also d id  not show the 
induction of Alu repeats confirming ICP27 is engaged in this effect (Fig. 3- 
13, a and c).

To get direct evidence of ICP27 as a transactivator of Alu repeats, a 
functional Alu clone pCD107 (Duncan et al., 1981) was co-transfected with 
the ICP27 clone pBH27 or with a control plasmid vector, pATI 53 into BHK- 
21 cells (Macpherson and Stoker, 1962) which does not express Alu repeats 
(Deininger et al., 1981). Total cellular RNA was prepared from both classes 
of transfected cells and the transcripts from the transfected genes were 
amplified by PCR. For this, cDNAs were m ade from the RNA by reverse 
transcription and then used for polym erase chain reactions (PCRs). As 
shown in Fig. 3-14, an approximately 60 bp-sized PCR product was made 
from Alu repeats which was of greater intensity in the cells transfected 
with pBH27 indicating that ICP27 can directly activate transcription of Alu 
sequences in the absence of other viral gene expression (tracks 1 and 2). As 
a control, the PCR product of the endogenous actin mRNA (about 250 bp 
long) was m ade and its level in both classes of transfected cells was almost 
equal confirm ing that the same am ounts of RNA were used  for each 
reaction (tracks 3 and 4).
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Fig. 3-10. Nuclear run-on assay of transcription (in the presence of 2.5 
pg /m l a-amanitin) in HeLa cells either mock-infected (a) or infected with 
HSV-1 strain dll403 (b) or R325 (c) at a multiplicity of 10 pfu per cell for 5 
hours. Key to spots: 1, Alu clone Blur 11; 2, control 18S ribosomal clone; 3, 
Alu clone pCD107; 4, histone H2 B gene.
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1, Alu done Blur 11 2, 18S rRNA
3, Alu done pCD107 4. H 2 B gene.

Fig. 3-11. N udear run-on assay of transcription (in the presence of 2.5 
jig /m l a-am anitin) in HeLa cells either mock-infected (a) or infected with 
HSV-1 strain N38 (b) at a multiplicity of 10 pfu per cell for 5 hours.

M
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1, Alu done Blur 11 
3, Alu done pCD107

2, 18S rRNA 
4. H 2 B gene.

Fig. 3-12 Nuclear run-on assay of transcription (in the presence of 2.5 
fig/m l a-am anitin) in HeLa cells either mock-infected (a) or infected with 
HSV-1 strain 17x2D (b) at a multiplicity of 10 pfu per cell for 5 hours.



Fig. 3-13. Nuclear run-on assay of transcription (in the presence of 2.5 
p g /m l a-amanitin) in HeLa cells either mock-infected (a) or infected with 
HSV-1 strain tsLB2 (b) or tsY46 (c) at a multiplicity of 10 pfu per cell for 5 
hours at the non-permissive tem perature of 39 °C. Key to spots: 1, Alu 
clone Blur 11; 2, control 18S ribosomal clone.
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Fig. 3-14. Interaction between the transfected Alu repeat and the ICP27 
derived from the transfected ICP27 gene. A functional Alu clone pCD107 
was co-transfected with the control plasmid vector, pATI 53 (tracks 1 and 3) 
or with the ICP27 clone pBH27 (tracks 2 and 4) into BHK-21 cells. l|ig  each 
of total RNA prepared from these cells were amplified by PCR using either 
the Alu oligonucleotide (tracks 1 and 2) or the actin oligoucleotide as the 
primer (tracks 3 and 4).
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In addition, a cloned functional ICP 27 gene, called pBH27 (Rice et al., 
1989), was transfected into HeLa cells and nuclei were prepared. Nuclear 
run-on assays using these nuclei (Fig. 3-15) showed that the ICP27 expressed 
from the transfected gene increased transcription of the endogenous Alu 
repeats. Hence ICP27 alone can transactivate transcription of Alu repeats 
w ithout expression of other viral proteins. Further evidence for this was 
obtained using a Vero cell line called V27 (Rice and Knipe, 1990), stably 
expressing ICP27 gene, Once again, clearly up-regulated transcription of 
Alu repeats was detected in the ICP27-expressing cells com pared to the 
control Vero cells (Fig. 3-16).

Having established that ICP27 induces transcription of A lu repeats, the 
region of ICP 27 responsible for the activation of A lu repeats was 
investigated. As sum m arized in Fig. 3-17, ICP27 has both activation and 
repression activities in the carboxy terminal half of the gene (Hardwicke et 
al., 1989; Rice et al., 1989). Several m utated derivatives of pBH27 containing 
either the activation or repression dom ains were transfected into HeLa 
cells. In nuclear run-on assays, interestingly, 504aa, 406aa, and 59aa- 
containing plasmids which are known to have only repressing activity on 
the viral late genes (Rice et al., 1989) did not increase transcription of Alu 
repeats (Fig. 3-18, B, D and E). In contrast, pBH263R which is known to be 
capable of transactivating the viral late genes also activated transcription of 
Alu repeats to almost same level as the intact ICP27-containing plasm id 
(Fig. 3-18, C and F) indicating that the activation region responsible for the 
activation of viral late gene expression also appeared to be engaged in the 
activation of Alu sequences. Therefore, the mechanisms by w hich ICP27 
activates viral late genes and cellular Alu repeats may be the same.
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Fig. 3-15. The effect of ICP27 derived from the transfected gene on the 
expression of the endogenous Alu repeats.
Nuclear run-on assay of transcription (in the presence of 2.5 p g /m l a- 
amanitin) in HeLa cells transfected with either the ICP27 clone pBH27 (B) 
or the control plasmid vector, pA TI53 (A). Key to spots: 1, histone H 2 B 
gene ; 2, Alu clone pCD107 ; 3, control 18S ribosomal clone ; 4, Alu clone 
B lu rll.
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Fig. 3-16. Nuclear run-on assay of transcription (in the presence of 2.5 pg/m l 
a-amanitin) in Vero and V27 nuclei stably expressing ICP27.
Key to spots: 1, Alu clone B lurll; 2, control ribosomal 18S clone
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trans-  trans-
a c t i v a t i o n  r e p r e s s i o n

504 pBH504R — +

406 aa h b h h h h h h h i  pBH406R — ^

263 a a H ^ H ^ H  pBH263R +  —

59 aa pBH59R — —

512 aa WT ICP27 +  +

--------------------------------------- ► mRNA

Fig. 3-17. Summary of the properties of ICP27 nonsense mutants 
(Modified from Rice et al., 1989).
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Fig. 3-18. Nuclear run-on assay of transcription (in the presence of 2.5 
H g/m l a-am anitin) in HeLa cells transfected w ith a series of ICP27 
mutants. Nuclei were prepared from HeLa cells transiently transfected with 
wild type (F) or m utant ICP27 genes encoding 59 aa (B), 263 aa (C), 406 aa 
(D), 504 aa (E) polypeptides and nuclear run-on assay was carried out in the 
presence of 2.5 M-g/ml a-amanitin. Equal amount of plasmid vector pAT153 
was transfected into HeLa cells for the control (A).

1 0 9



B

D

E

1. Alu clone B lurll 2. 18S rRNA
3. Alu clone pCD107 4. H 2 B gene
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3 . 2 . 4  Does HSV infection affects other pol III gene expression ?

It has been dem onstra ted  so far tha t HSV infection activates 
transcription of endogenous and transfected Alu repeats and that ICP27 is 
responsib le for this effect. Then the next question is w hether the 
transcription of other pol III transcribed genes such as 5S or tRNA can be 
induced by HSV infection. This is particularly interesting because several 
investigators have already show n that o ther DNA viruses such as 
adenovirus and pseudorabies can activate only transfected 5S and tRNA 
genes but do not affect endogenous 5S and tRNA genes (Gaynor et al., 1985; 
Berger and Folk, 1985). This study shows that HSV also does not increase 
transcription of other endogenous pol III genes including those encoding 
5S RNA, tRNA , 7SL RNA, and 7SK RNA indicating the effect is specific 
for Alu repeated sequences (Fig. 3-19). Such a conclusion is of particular 
interest in the case of 7SL RNA which has sequence homology to Alu (Ullu 
and Tschudi, 1984) and indicates that the increased transcription of this 
gene is not responsible for the increased transcription observed with Alu. 
Result from tsK infected cells (Fig. 3-9) is consistent with this conclusion.

Finally, I tested several cervical cell lines such as SiHa and Caski 
which are norm al host cells for HSV-1 infection for their susceptibility for 
the induction of Alu repeats by HSV infection. These cervical cell lines 
have been found to harbour integrated, transcriptionally active copies of 
hum an papillom avirus (HPV) DNA (Boshart et al., 1984). Initially, the 
perm issivity of these cell lines for HSV infection was tested by infecting 
HSV-1 at various multiplicities and staining w ith a monoclonal antibody 
directed to the HSV-1 IE protein ICP4, called 58S (Showalter et al., 1981). 
Interestingly, a cell line called 310A which is transformed by HPV showed 
m uch higher perm issivity com pared to that of the parent cell line 310 
(Table 3-1). The transcription of Alu repeats is higher in 310A than 310 (Fig. 
3-20) indicating the HPV genes expressed in the 310A m ight help HSV 
grow efficiently and increases transcription of Alu repeats.. It is not clear 
whether this gene encodes a HPV equivalent of ICP27 or encodes a protein 
w hich just has the sam e effect as ICP27 on Alu transcrip tion  or 
alternatively increases Alu transcription by prom oting cell growth. The 
transcription of Alu repeats in infected 310A is slightly higher than infected 
310 indicating better growth of HSV in 310A cells. On the other hand, the 
induction of Alu repeats by virus infection was less in 310A than 310
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because of high expression of Alu repeats in mock-infected 310A cells. 
Consistent with this observation, Caski and HeLa cells showed almost equal 
perm issivity to HSV infection (table 3-1) and therefore alm ost the same 
level of Alu gene induction by HSV infection (Fig. 3-21, a and c). On the 
other hand, SiHa is less perm issive to HSV-1 infection (table 3-1) and 
therefore less induction of Alu transcription was observed in the infected 
SiHa cells (Fig. 3-21, b). The induction of Alu sequences is not restricted to 
these cervical cell lines because Vero cells (a fibloblast cell line) infected 
w ith HSV showed similar induction (Fig. 3-22). Therefore, Alu induction 
appears to occur as a general effect of HSV infection in tissue culture cells.
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Fig. 3-19. The effect of HSV infection on the transcription of other pol III 
genes. Nuclear run-on assay of transcription was perform ed using either 
mock-infected (M) or HSV-1 infected (I) HeLa nuclei in the presence of 2.5 
p g /m l of a-amanitin. Key to spots : 1, Alu clone Blur 11; 2, control 18S 
ribosomal clone; 3, 5S RNA gene; 4, tRNA gene; 5, Alu clone pCD107 ; 6, 
histone H 2B gene ; 7, 7SL RNA gene; 8, 7SK RNA gene.

1 1 3



1 2  3 4
•  •

%

5 6 7 8

1 2  3 4

•  %

5 6 7 8



M 1 2 5 10 20
HeLa 0 13 31 45 80 91
Caski 0 21 42 68 85 90
SiHa 0 0 5 40 65 99
310 0 8 15 21 25 93
310A 0 28 51 60 98 99

Table 3-1. The permissivity of cervical cell lines for HSV-1 infection.
Cervical cell lines such as HeLa, Caski, SiHa, 310, and  310A were 

infected with HSV-1 at a multiplicity of 0 ,1 , 2, 5, 10, and 20 and cells were 
stained w ith a monoclonal antibody directed against HSV-1 ICP4. The 
figures represent the percentage of stained cells in whole cells counted.
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1. Blur 11 2. 18S RNA
3. pCD107 4. H 2B

Fig. 3-20. Nuclear run-on assay of transcription (in the presence of 2.5 
p g /m l a-amanitin) in mock-infected (M) or HSV-1 infected (5pfu/cell, 5 
hours) (I) cervical cell lines, 310 (a) and 310A (b).



Fig. 3-21. Nuclear run-on assay of transcription (in the presence of 2.5 
p g /m l a-am anitin) in mock-infected or HSV-1 infected cervical cell lines, 
HeLa (a), SiHa (b), and Caski (c). Each cell lime was either mock- infected 
(M) or infected with HSV-1 (I) at a multiplicity of 10 pfu per cell for 5 hours 
and nuclear run-on assay was performed.
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1. Alu clone B lurll
3. Alu clone pCD107
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4. H 2 B gene
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Fig. 3-22. Nuclear run-on assay of transcription in mock-infected (M) or 
HSV-1 infected (I) Vero cells. Vero cells were either mock- infected (M) or 
infected with HSV-1 (I) at a multiplicity of 10 pfu per cell for 6 hours and 
nuclear run-on assay w as perform ed in the presence of 2.5 p g /m l a -  
amanitin. Key to spots : 1, Alu clone Blur 11; 2, control 18S ribosomal clone; 
3, 5S RNA gene; 4, tRNA gene.
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3 . 3  D iscu ss ion

Several DNA viruses such as adenovirus and pseudorabies virus are 
know n to activate the expression of transfected pol III genes, bu t do not 
affect the expression of endogenous levels of these genes (Gaynor et al., 
1985). On the other hand, in SV40-transformed cells, the B1 and B2 RNAs 
transcribed from the endogenous genes by RNA polymerase III are present 
at 20-fold-higher levels than  in norm al cells(Scott et al.,1983; Singh et 
al.,1985a,b; Carey et al., 1986b). No previous studies of Alu gene expression 
during infection with any viruses has been reported.

Experim ents in this chapter show that HSV infection induces the 
expression of Alu repeats at the transcriptional level by RNA polymerase 
III and this effect occurs at an early stage of virus infection by the action of 
the imm ediate early protein ICP27. This induction does not require the full 
lytic cycle as the ICP27 protein expressed from the stably and transiently 
transfected genewas sufficient to induce the effect. Both the endogenous 
and transfected Alu genes can be induced by HSV infection. However, the 
expression of other endogenous pol III genes is no t affected by HSV 
infection, which is consistent w ith the observation by others w ith other 
viruses (Hoeffler and Roeder., 1985; Yoshinaga et al., 1986). Therefore, it is 
quite interesting to ask why HSV induces transcription of Alu repeats and 
how HSV exclusively affects only Alu repeats among polIII genes .
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3 . 3 . 1  W hy are other endogenous pol III genes are not affected by HSV 
infection ?

HSV infection induces transcription of Alu repeats w ithout affecting 
other pol III genes such as 5S, tRNA, 7SK, and 7SL RNA. A sim ilar 
situation was observed in SV40 transformed cells (Carey et al., 1986). The 
endogenous B1 and B2 genes in the SV40 transform ed cells are highly 
induced whereas the 5S, tRNA, 7SL and 7SK RNA genes are unaffected. 
Therefore, there m ust be a common mechanism  in responding to viral 
infections am ong these sim ilar highly repetitive sequences (Ullu and 
Tschudi., 1982). It is not clear w hat features of these repetitious sequences 
draw  such a discrete response to virus infection. Two possibilities can be 
considered. It could be a serendipitous genetic change in the genome by 
virus infection leading parts of these highly repetitive sequences to enter 
an open chrom atin structure, thereby rendering them  more accessible to 
soluble transcription factors (Weisbrod, 1981). However, this is probably not 
a major effect because, in the case of HSV-1, the effect was shown to be 
derived from the action of a specific viral protein, ICP27 as demonstrated in 
the studies w ith ICP 27 deletion m utant and cell lines stably expressing 
ICP27. Another possibility focuses on the changes of pol in  transcription 
factors involved in the regulation of these pol m  genes. Carey et al. (1986) 
suggested that an increase in general pol III transcrip tion  factors is 
responsible for enhanced B1 and B2 expression bu t that other pol III 
templates such as 5S, 7SL, and tRNA are transcribed at maximum rates and 
are therefore unaffected by such changes. A lterations in chrom atin 
structure of fully inactive genes m ight also contribute to this enhanced 
expression by exposing previously  silent genes to the factors. The 
transcription factor whose activity is altered during virus infection m ight 
be TFinC as it is known to be the limiting factor for pol in transcription 
(Hoeffler and Roeder, 1985; Yoshinaga et al., 1986). There are previously 
studied cases which make this hypothesis attractive. For example, changes 
in both chrom atin structure and transcription factor IIIA concentration 
regu la te  the d ifferen tia l expression  of X enopus 5S RNA du ring  
developm ent (Schlissel and  Brown, 1984). The m echanism  m entioned 
here could be applied to the induced pol II genes such as HSP70 (Kao and 
N evins, 1983) and b-tubulin  (Stein and Ziff, 1984) in the adenovirus 
infected cells if the viral transactivators mediate the respective class II and 
class IE gene enhancements by a similar mechanism.
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If the endogenous pol in genes are regulated in such a m anner, then, 
w hy are the transfected 5S and tRNA genes transcriptionally activated in 
v iru s  in fec ted  cells, as d em o n stra ted  by severa l investiga to rs?  
Furthermore, why do several viruses activate the transfected cellular, class
II genes w ithout affecting the corresponding endogenous cellular genes 
(e.g., globin) (Imperiale et al., 1983; Green et al., 1983; Gaynor et al., 1984). 
This question could be answered if the transfected DNA can be assembled 
into an open nucleosomal structure which includes physiological nuclease 
hypersensitive sites in transcrip tional control regions (Cereghini and 
Yaniv, 1984) and thus, at least transiently, is m ore accessible to soluble 
transcription factors.

3 . 3 . 2  The possible role of Alu repeats in HSV infected cells

The significance of the induction of Alu repeats during virus infection 
is difficult to evaluate, bu t several possibilities can be suggested in 
connection w ith  other virally  induced  pol III genes. In the case of 
adenovirus which also has been shown to activate pol III genes, a strong 
argum ent can be m ade that enhanced transcription of pol III genes is 
required  for efficient viral replication as the virus itself has a pol Ill- 
transcribed gene encoding VA(viral associated) RNA (Guilfoyle and 
W einmann, 1981; Fowlkes and Shenk, 1980). W ithout stim ulation of pol
III transcrip tion , factors required  for VA transcrip tion could become 
lim iting du ring  infection (W einmann et al., 1976). Epstein-Barr virus 
(EBV) is know n to encode two small RNAs, EBER (Epstein-Barr virus 
small RNA) 1 and 2, transcribed by both pol II and pol El (Lerner et al., 1981; 
H ow e and Shu, 1989). Also other herpes viruses such as herpesvirus 
saimiri (Lee et al., 1988) and herpesvirus papio (Howe and Shu, 1988) are 
known to encode a few small RNAs. In the case of HSV, however , no viral 
genes transcribed by RNA polym erase III have been identified so far. 
Therefore, the trans-activation of Alu repeats could be a fortuitous event of 
HSV infection. A similar explanation m ight also be applied to the pol III 
gene activations by SV40 and HBV which do not appear to encode any pol 
III genes.

Alternatively, it has been suggested that the production of novel class 
III transcripts may play a role during transformation of rodent cells by SV40 
or by chemical carcinogens (Singh et al., 1985; Carey et al., 1986) as well as 
during active growth of cells (Edwards et al., 1985). A similar explanation
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has been suggested for the induction of pol ID gene by HBV (Aufiero and 
Schneider, 1990). Therefore, the induced Alu repeats may play a role in the 
transformation process by HSV.

The significance of Alu gene induction can be evaluated  by 
considering the functional roles of Alu repeats in normal cells. Alu repeats 
are known to induce rearrangement of the genome by generating mobile 
genetic elements (Calabretta et al., 1982; Jagadeeswaran et al., 1981). These 
rearrangem ents of Alu repeats can affect expression of adjacent genes, as 
dem onstrated in the report of Alu involvement in the m utation of low 
density lipoprotein (LDL) receptor causing genetic defects j(Lehrman et al., 1987) 
Therefore, the increased transcription of Alu repeats could induce more 
frequent rearrangem ent of genes, thus affecting m ore genes, either 
positively or negatively. Also the transcription of Alu repeats itself is 
know n to affect expression of nearby RNA polym erase II genes. For 
example, the Alu family members 5' to the d-globin and 3’ to the b-globin 
genes are thought to be involved in the cis-acting suppression of fetal 
globin expression in adults (Fritsch et al., 1980). The significance of these 
effects during HSV infection is not clear, but if the effects occur negatively, 
it could help the suppression of cellular genes during the early stage of 
virus infection (Fenwick, 1984). On the other hand, if the effect is positive, 
it could cause induction of certain genes which could be necessary for viral 
replication. Therefore, HSV can regulate the expression of cellular genes 
efficiently through Alu repeats as they are highly repetitive and dispersed 
throughout the whole genome.

In the next chapter, I will introduce a possible mechanism by which 
HSV infection increases the transcription of Alu repeats, by studying the 
changes in the activity of RNA polymerase III transcription factors.
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CHAPTER 4. ENHANCEMENT OF TFIIIC ACTIVITY BY 
HSV INFECTION

4 .1  Introduction

As described in Chapter 3, HSV infection increases polIQ transcription 
of Alu repeats, and this is due to the action of the HSV imm ediate early 
protein ICP27. In this chapter, the possible m echanism for this effect is 
investigated. The responsible IE protein ICP27 is not likely to bind directly 
onto the prom oter of Alu repeats as no DNA binding activity of this 
protein has been identified so far. Also, other viral transactivators such as 
Ad E1A protein and HSV ICP4 do not appear to act by binding directly to 
the targeted cellular genes but by interacting w ith cellular interm ediates 
(reviewed in  Kingston et al., 1985; Berk, 1986). Therefore, ICP27 m ay 
in te rac t w ith  the A lu p rom o te r in d irec tly  th ro u g h  a cellu lar 
in te rm ed ia te(s) in  a sim ilar m e c h a n ism , to th a t of o th er v iral 
transactivators. If this is the case, ICP27 may function in one or more of 
th ree  d iffe ren t m echanism s; increasing  the  level of a lim iting  
tran sc rip tio n  fac to r, m odifica tion  of a tran sc rip tio n  fac to r, or 
neutralization of a negative acting factor.

ICP27 m ight act through transcription factor IIIC (TFIIIC) because it is 
known to be the only limiting factor for poin i transcription (Yoshinaga et 
al., 1986). Interestingly, adenovirus E1A protein and pseudorabies virus IE 
protein are know n to activate polffl genes either by increasing the level of 
TFIIIC (Yoshinaga et al., 1986) or by increasing its activity through 
phosphory lation  (Hoeffler et al., 1988). On the other hand, in SV40 
transform ed cells, the level of polIII genes are increased through both 
effects (W hite et al., 1990). Therefore, this chapter focuses on w hether 
TFIIIC activity is increased by HSV infection, and if it is increased, whether 
this occurs through the phosphorylation of TFIIIC or through an increase 
in its abundance .

Most of the results described in this chapter were obtained from DNA 
m obility shift assays. This m ethod m easures the binding activity of a 
transcription factor on its binding site (Fried and Crothers, 1981). Although 
the increased binding activity of transcription factor does not always mean 
its increased actual activity, they are well correlated, at least in the case of 
TFIIIC (Hoeffler et al., 1988 ; White et al., 1990).

1 2 5



4 . 2  Resul ts

4 . 2 . 1  HSV infection increases TFIII C binding on the pol III promoter

To investigate the m echanism  by w hich HSV infection affects the 
transcrip tion  of A lu repeats further, the pro tein  b ind ing  to the polIII 
p rom oter of A lu repeats was exam ined. The prom oter of pol III genes 
contains tw o elem ents, the A and B boxes (Fowlkes and  Shenk, 1980; 
Guilfoyle and W einman, 1981). Initially, DNA fragm ents of pCD107 which 
contain A or B box (Fig. 4-1 A) were used as probes for protein binding 
reactions. In gel shift assays using these fragm ents, increased binding of a 
cellular protein to the B box containing fragment was observed in the infected 
cell extract ( Fig 4-1B, tracks 1 and 2) whereas no difference in protein binding 
to the A box containing fragment was detected (Fig. 4-1B, tracks 3 and 4). The 
protein binding to the B box containing DNA fragm ent is specific as it could 
be competed away by excess am ount of unlabelled B box containing DNA 
fragm ent (Fig. 4-1C, tracks 5 and 6) but not by excess linearized plasm id 
pBR322 vector (tracks 3 and 4). Therefore, protein  binding to the B box 
containing DNA fragment is specific and it is up-regulated by HSV infection.

To get better resolution of protein binding and to reduce non-specific 
binding of proteins, oligonucleotides containing either A- or B-box sequences 
were used as probes in DNA shift assays. For this purpose, A and B box 
oligonucleotides were m ade according to the sequences of A and B boxes in 
pCD107 which are the same as the consensus sequence of pol III promoters 
(Fig. 4-2A ; Geiduchek and Tocchini-Valentini, 1988). In this experim ent, 
consistently w ith the data  obtained using DNA fragm ents of pCD107, 
increased binding of a protein to the B box was observed in the infected cell 
extract (Fig. 4-2B, tracks 3 and 4) whilst there were no differences in protein 
binding to the A box (Fig. 4-2B, tracks 1 and 2). The protein binding to the B 
box was specific since the binding could be competed away by excess amount 
of unlabelled B box oligonucleotide (Fig. 4-3, tracks 3 and 4) bu t not by U4 
oligonucleotide containing a Oct-1 binding site (tracks 7 and 8). Also a 
m utated  B box which has a few changes in nucleotides im portant for its 
function (Fig. 4-2A) displayed weaker competition (Fig. 4-3, tracks 5 and 6) 
compared to that of unim paired B box (tracks 3 and 4) indicating the binding 
is specific. The protein binding to the B box and increased by HSV infection 
should be TFIIIC as it is the only known protein binding specifically to the B 
box of pol III p rom oter (G eiduchek and Tocchini-V alentini, 1988).
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Fig. 4-1. DNA mobility shift assay using DNA fragments of Alu clone pCD107 
containing the A or B box of poim  promoter.
(A) The structure of the Alu clone pCD107 (modified from  D uncan et al., 
1981). (B) Radiolabelled A box-(tracks 3 and 4) and B box-containing DNA 
fragment (tracks 1 and 2) was reacted with extracts prepared from either mock- 
infected (tracks 1 and 3) or HSV-1 infected (tracks 2 and 4) HeLa cells. (C) B 
box-containing probe was reacted with mock-infected (tracks 1, 3, and 5) or 
HSV-1 infected (tracks 2, 4, and 6) in the absence of any unlabelled competitor 
(tracks 1 and  2) or in the presence of either tw o hundredfold  excess of 
unlabelled B box-containing DNA fragment (tracks 5 and 6) or the same fold 
excess of linearlized plasmid vector pBR322 (tracks 3 and 4).
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Fig. 4-2. DNA m obility shift assay using oligonucleotides containing 
either an A box (tracks 1 and 2) or a B box (tracks 3 and 4) of the Alu 
prom oter.
(A) DNA sequence of oligonucleotides used for DNA mobility shift assay 
(only one strand of each oligonucleotide is shown).
(B) Tracks 1 and 3 shows the result with the extract prepared from mock 
infected HeLa cells w hilst tracks 2 and 4 that w ith extract from HSV-1 
infected cells.

A

A box 
B box 
B box-mut 
U4

5’ - GAT CGC TGG GAG TGG T G G CTC A - 3' 
GAT CCA AGA G IT  CAA GAC CAAC 
GAT CCA AGA CTG AAC GAT GAA C 
GAT CCA TGT AAA TCA A
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Fig. 4-3 The specific binding of TFIIIC to the B box oligonucleotide.
Mock- (tracks 1, 3, 5, and 7) and HSV-1 infected (2,4, 6 and 8) HeLa cell 

extracts w ere used  for b ind ing  reaction  to  the B box-containing 
oligonucleotide. Tracks 1 and 2 show  the result in the absence of any 
unlabelled oligonucleotide competitor w hilst the rem aining tracks show 
the results in the presence of four hundred  fold excess of unlabelled 
oligonucleotides containing either a WT B box (tracks 3 and 4), a m utated 
B box (tracks 5 and 6), or an Oct-1 binding site (tracks 7 and 8).
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To get direct evidence confirming that the protein binding to the B 
box is indeed TFIIIC, single step phosphocellulose fractions prepared from 
mock- and HSV infected HeLa cell extracts were used in binding reactions. 
As shown previously, the unfractionated extracts (Fig. 4-4B, tracks 1 and 2) 
have a protein binding to the B box, which is increased in infected extract. 
However, no detectable protein binding to the B box was detected in the 
fraction eluted with 0.1 M KC1 (tracks 3 and 4) and the fraction eluted with 
0.3 M KC1 (tracks 5 and 6) which are known to contain TFIIIA and TFIIIB, 
respectively (Fig 4-4A). On the other hand, 0.6 M KC1 fraction which is the 
TFIIIC- containing fraction (Fig. 4-4A) had a protein binding to the B box, 
and this binding is m uch higher in the fraction from infected extracts 
compared to its counterpart (tracks 7 and 8). Fractions eluted w ith buffer 
containing higher than 0.6M KC1 also did not show any protein binding 
activity to B box (tracks 9 and 10). Therefore the protein binding to the B 
box oligonucleotide is indeed TFIIIC and its activity is increased by HSV 
infection.

To determine whether the increased activity of TFIIIC required a full 
lytic infection, protein extracts were prepared from mock- and tsK-infected 
HeLa cells at the nonpermissive tem perature of 39 °C. At this tem perature, 
as described before, the tsK infection can not proceed through the lytic 
cycle and is blocked at the immediate early stage due to its im paired ICP4 
activity. DNA shift assay using these extracts show ed h igher TFIIIC 
binding to the B box in the tsK-infected extract compared to mock-infected 
extracts (Fig. 4-5, tracks 1 and 2). Therefore, infection w ith  tsK at the 
nonperm issive tem pera tu re  can increase TFIIIC b ind ing  to B box 
indicating the role of im m ediate early proteins in this effect. Also this 
result is consistent w ith theability of tsK to induce transcription of Alu 
repeats at the non-permissive temperature.
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Fig. 4-4. DNA binding shift assay of TFIIIC in fractionated HeLa cell 
extracts.

(A) Diagram  of protocol of Segall et al. (1980) for separation of RNA 
p o ly m e rase  III tra n s c r ip tio n  fac to rs by  c h ro m a to g ra p h y  on 
phosphocellulose. 50mg of mock- and infected extracts were fractionated 
according to the procedure described in material and m ethod. The yield of 
each fraction is show n in parenthesis as the percentage to the total extract 
used. Transcription factors in the individual step fractions are denoted by 
TFIIIA, TFIIIB, and TFIIIC. RNA polym erase III (pol III) is d iv ided  
approximately equally between the fractions containing TFIIIB and TFIIIC.

(B) The fraction passed through column w ithout retention (tracks 3 and 
4, 2.3 pg and 2.9 jig of protein, respectively) or fractions eluted with buffer 
containing 0.3 M (tracks 5 and 6,1.2 pg and 1.3 pg of protein, respectively ), 
0.6 M (tracks 7 and 8, 0.9 pg and 1,0 pg of protein, respectively), or 1.0 M 
(tracks 9 and 10, 0.5 pg and 0.6 pg of protein, respectively ) KC1 of either 
mock-infected (tracks 1, 3, 5, 7, and 9) or HSV-1 infected (tracks 2, 4, 6, 8, 
and 10) HeLa cell extracts were used for binding reaction. Unfractionated 
mock- (track 1) and HSV-1 infected extracts (4.8pg and 5.3 pg of protein, 
respectively) were used for the control.

0.1

TFIIIA

(-80%)

Extract (100%) 

P ll

0.35 0.6

TFIIIB TFIIIC

p o im pol m
(8.7%) (6.6%)

1.0 KC1
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Fig. 4-5. DNA mobility shift assay of TFIIIC in tsK infected HeLa cells. 
Radiolabelled B box oligonucleotide was reacted with extracts from either 
mock-infected (track 1) or tsK infected (track 2) at a multiplicity of 10 pfu 
per cell for 6 hours at the nonpermissive tem perature of 39 °C.
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4 . 2 . 2 .  ICP27 is responsible for the increased TFIIIC activity

To find out whether ICP27 increases TFIIIC activity as predicted from its 
ability to increase transcription of Alu sequences, extracts were prepared from 
HeLa cells infected with 17x2D which is a ICP27 deletion m utant and gel shift 
assays were perform ed using these extracts. In this experiment, as expected, 
there was no increase in TFIIIC binding to the B box in infected cell extracts 
(Fig. 4-6, tracks 3 and 4). Therefore, ICP27 is also responsible for the increased 
TFIIIC activity.

Furthermore, extracts were made from Vero and  its derivative V27 cells 
stably expressing ICP27 and the binding activity of TFIIIC in these extracts was 
examined. As shown in Fig. 4-7, increased binding of TFIIIC to the B box was 
detected in V27 cells compared to Vero cells (tracks 1 and 2) whereas protein 
binding to the U4 control probe is slightly decreased in infected cells (tracks 3 
and 4) indicating that ICP27 alone can increase the binding activity of TFIIIC 
to the B box in the absence of any other viral protein expressed in the infected 
cell.

To get further confirm ation of these results, South-W estern blotting 
experiments were performed(Fig. 4-8). For these experiments, protein samples 
prepared from either mock-infected HeLa cells or HeLa cells infected with wt 
HSV or w ith  H SV m utant strains w ere ru n  on  a polyacrylam ide gel, 
transferred to a nitrocellulose filter and reacted w ith labelled B box probe. A 
control experim ent was perform ed w ith U4 oligonucleotide to m easure the 
level of Oct-1 activity in extracts. Consistent w ith the results described so far, 
higher binding of TFIIIC to the B box was detected in HSV-1 (panel A, track 2) 
and tsK (panel A, track 4) infected cells compared to their counterparts (panel 
A, tracks 1 and 3, respectively). On the other hand, no difference in TFIIIC 
activity was observed betw een mock- and 17X2D- infected cells (panel A, 
tracks 5 and 6). The TFIIIC detected in this gel was approxim ately 110 kDa 
which corresponds to the size of TFIIIC reported  by other investigators 
(Schneider et al., 1989). There were alm ost similar |levels of Oct-1 binding to 
the U4 oligonucleotide probe in each set of p ro te in  extracts (panel B) 
ind icating  no difference in to tal p ro te in  concentration .T herefore the 
increased binding activity of TFIIIC in HSV infected cells was proved once 
again.
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Fig. 4-6. DNA mobility shift assay of TFIIIC in 17x2D infected HeLa 
cells. The activity of TFIIIC in HeLa cells either mock-infected (track 3) or 
17x2D (the ICP27 deletion m utant) infected (track 4) was compared. 
Control tracks 1 and 2 are the result using either mock- or HSV-1 infected 
HeLa cells, respectively.
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Fig. 4-7. DNA mobility shift assay of TFIIIC in Vero cells stably expressing 
ICP27. The activity of TFIIIC in extracts prepared from Vero (track 1) and 
its derivative V27 cells (track 2) stably expressing ICP27 was compared. The 
control experiment was performed with oligonucleotide containing a Oct- 
1 binding site and extracts from either Vero (track 3) or V27 cells (track 4).
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Fig. 4-8. South-Western blotting experiment.
20 (xg of protein samples from either mock-infected HeLa cells (tracks 1, 5, 
7, and 9) or HeLa cells infected w ith WT HSV-1 (tracks 2 and 8) or with 
HSV m utant strain 17x2D (tracks 6 and 10') were < electrophoresed | on 6% 
acrylamide gel. Protein samples) from either mock-infected or tsK infected 
at the nonperm issive tem perature of 39 #C was used for tracks 3 and 4, 
respectively. The p ro te in  sam ples w ere p robed  w ith  the  labelled  
concatenated oligonucleotide containing several copies of TFIIIC- (panel 
A) or Oct-1 (panel B) binding sites. Arrows indicate the positions of protein 
m arkers.
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4 .2 .3 .  The increased TFIIIC activity is due to its increased am ount in 
HSV infected cells

To find out how TFIIIC activity is regulated by HSV-1 infection, the 
protein extracts were modified prior to the binding reaction. To test the 
possibility of TFIIIC activation through phosphorylation, extracts were 
treated w ith potato acid phosphatase. If the increased TFIIIC activity in 
HSV-1 infected cells is regu la ted  by phosphory lation , phosphatase  
treatm ent of infected cell extracts may reduce the TFIIIC activity of infected 
cells to the level of m ock-infected cells. In this experim ent, however, 
although the phosphatase treatm ent reduced TFIIIC binding in both mock- 
and HSV-1 infected extracts, the quantitative difference in the binding 
level between the two extracts remained the same (Fig. 4-9, panel A). Also, 
kinasing protein extracts prior to binding reaction did not induce any 
significant changes in the quantitative differences in the protein binding 
level between mock- and HSV-infected cell extracts (Fig. 4-9, panel B). 
Therefore, the up-regulation of TFIIIC activity by HSV infection does not 
occur by changing its phosphorylation  state  b u t by some another 
mechanism affecting the level of TFIIIC activity.

Next, it was investigated w hether de novo transcription of TFIIIC is 
necessary for the increased activity of TFIIIC during HSV infection. For 
this purpose, HeLa cells w ere infected w ith HSV in the presence of 
cycloheximide (100|ig/m l) w hich inhibits protein  synthesis, and  then 
w ashed w ith  m edium  containing actinom ycin D (2.5pg/m l) w hich 
inhibits transcription. In these conditions, the im m ediate early mRNAs 
accumulate during the cycloheximide block bu t are only translated into 
their corresponding proteins when the cycloheximide block is removed. 
The immediate early proteins m ade at this stage can modify other proteins 
bu t cannot induce de novo transcription of other viral or cellular genes 
because of the actinomycin D. As shown in Fig.4-10, under this condition, 
no increase in TFIIIC binding in the virus infected cells was observed 
com pared to that in mock- infected cells (tracks 3 and 4). Therefore the 
regulation of TFIIIC by HSV is dependent on ICP27-induced transcription 
and is likely therefore to occur by increasing synthesis of the protein.
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Fig. 4-9. Kinasing and phosphorylation experiments.
(A) 5|ig of mock-infected (tracks 3, 5, 7, and 9) or HSV-1 infected (tracks 4, 6, 
8, and 10) cell extracts w ere treated w ith 0.006 units (tracks 3 and 4), 0.06 
units (tracks 5 and 6), 0.12 units, or 0.24 units of acid phosphatase at 37 °C 
for 15 m inutes. A control experiment was carried out w ith mock- (track 1) 
or HSV-1 (track 2) infected extracts incubated under the sam e condition 
bu t in the absence of phosphatase.
(B) 5{ig of mock- (tracks 1 and 3) or HSV-1 (tracks 2 and 4) infected extracts 
w ere used for b inding  reactions. For track 3 and 4 extracts w ere treated  
w ith  1 un it of catalytic subunit of protein kinase A prior to the binding 
reaction.
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Fig. 4-10. TFIIIC in HeLa cells infected with HSV-1 in the presence of 
cycloheximide and actinomycin D.
DNA m obility shift assay was carried out with HeLa cell extracts either 
m ock-infected (track 3) or HSV-1 infected (track 4) in the presence of 
100 |ig /m l cyclohexim ide and -2.5pg/m l actinom ycin D. The control 
experim ent was carried out w ith mock-(track 1) and HSV-1 (track 2) 
infected HeLa cell extracts prepared under normal conditions.
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4 . 3 .  D iscuss ion

HSV infection increases the binding activity of a protein to the B box 
of the polIII prom oter, and  th is p ro tein  w as show n to have the 
characteristics of TFIIIC in size, biochemical characteristics, and sequence 
specificity. ICP27 could induce this effect in the absence of other viral gene 
expression indicating the role of ICP27 for this effect. Since TFIIIC binding 
is the limiting step in the pol El transcription (Yoshinaga et al., 1986) it is 
possible that the im proved binding of TFIIIC produces the observed 
increase in transcription of Alu repeats. Also, several viruses such as 
adenovirus, SV40, and HBV are known to activate polIII genes through 
increasing TFEIC activity.

How then does HSV increase the activity of TFIHC? It does not occur 
th ro u g h  the phosp h o ry la tio n  of TFIIIC as p ro v ed  th ro u g h  the 
phosphorylation and kinasing experim ents. Instead, HSV appears to 
increase the actual concentration of TFIIIC although there is still the 
possibility of other types of m odification which are responsible for the 
increased TFEIC activity . It is not clear how HSV increases the amounts of 
TFEIC, bu t it might occur through the increased transcription of the TFIIIC 
gene as indicated in the experim ent w ith infected cells treated w ith 
cycloheximide/actinomycin D. It is not clear how  HSV infection increases 
the transcription of TFEIC gene. To get direct evidence for this possibility, 
it is necessary to m easure the protein level of TFEIC using a specific 
antibody against TFEIC. Also the RNA level of TFEIC can be easily 
m onitored if a cloned TFIIIC probe is available. Therefore, the final 
conclusion awaits the purification of TFEIC and  cloning of the gene 
encoding this protein.

This chapter explores the m echanism  by w hich HSV infection 
induces Alu repeats and suggests that this occurs through increasing 
TFEIC concentration. In the next chapter, it will be tested w hether the 
induction of Alu repeats is a general effect of virus infection.
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CHAPTER 5. REGULATION OF RNA POLYMERASE 
III -TRANSCRIBED GENES BY OTHER 
VIRAL TRANSACITVATORS

5. 1 .  Introduction

In this chapter, it is demonstrated that induction of Alu repeats is a 
general effect of v irus infection. In itially , o ther DNA viruses, 
adenovirus and pseudorabies virus were tested for their ability to 
induce this effect. These two viruses are already know n to increase 
tran scrip tio n  from  transfected  polIII genes, b u t no t from  the 
endogenous ones (Gaynor et al., 1985; Berger and Folk, 1985) . Therefore, 
it is quite interesting to test whether these viruses induce transcription 
of endogenous Alu repeats by RNA polymerase 111.

Additionally, hum an immunodeficiency virus (HIV) was tested 
for such a effect. For this purpose, instead of directly infecting virus 
onto cells, a hum an cell line stably expressing HTV Tat protein was used. 
Tat protein is an im portant regulatory protein acting in the early stage 
of viral replication and it appears to activate transcription of HIV LTR 
through interaction with a trans-acting response element (TAR) (Sharp 
and Marciniak, 1989; Jones, 1989). However, no regulatory action of Tat 
p ro tein  on the genes of other viruses or cellular genes has been 
reported.

5 .2 .  Results

5 .2 .1 .  Up-regulation of Alu repeat transcription by infection w ith
various viruses

HeLa cells were infected w ith either pseudorabies virus (PRV) or 
adenovirus type 5 (Ad5) for 6h at a m ultiplicity of 10 pfu per cell and 
nuclei were prepared from these cells along with mock-infected cells. In 
nuclear run-on assays, a clear increase in the level of Alu transcripts 
was detected in cells infected with either PRV (Fig. 5-1) or Ad5 (Fig 5-2, 
c) com pared to m ock-infected cells (Fig. 5 -la , 5-2a, respectively). 
Interestingly, cells infected w ith Ad m utant 312 (Jones and Shenk,
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1979a) which has a deletion m utation in the gene encoding E1A did not 
show any significant increase in the transcription of Alu repeats (Fig. 5- 
2, b) indicating that E1A is responsible for the induction of Alu repeats 
by adenovirus. Therefore, both adenovirus and pseudorabies virus 
w hich are know n no t to activate polIII transcrip tion  from  the 
endogenous 5S and  tRNA genes can induce  tran scrip tio n  of 
endogenous Alu repeats by RNA polymerase ID and the activation of 
Alu repeats is therefore likely to be a general effect of DNA virus 
infection.
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Fig. 5-1. The effect of PRV infection on the transcription of Alu repeats 
Nuclei were prepared from HeLa cells either mock-infected (a) or infected 
with PRV(b) at a multiplicity of 10 pfu per cell for 6 hours. Nuclear run- 
on assay was carried out in the presence of 2.5 p g /m l a-am anitin. Key to 
spots : 1, Alu clone Blur 11; 2, control 18S ribosomal clone; 3, Alu clone 
pCD107; 4, his tone H 2B gene.

152



Fig. 5-2. The effect of adenovirus infection on the expression of Alu 
repeat.
The transcriptional level of Alu repeats in mock-infected HeLa cells (A) 
and cells infected w ith either adenovirus m utant 312 which does not 
encode E1A (B) or WT adenovirus 5 (C) was compared by nuclear run-on 
assay.
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5 . 2 . 2  HIV regulatory protein Tat also activates transcription of Alu
repeats by RNA polymerase III.

To test the regulatory  activity of Tat protein  w hich is a major 
regulatory protein of RNA virus HIV (Sharp and Marciniak, 1989; Jones, 
1989) on the expression of Alu repeats,|an Alu clone,pCD107 (Duncan et al., 
1981) was co-transfected with a cloned tat gene expressed from  the SV40 
p rom oter in the plasm id pSV2tat into BHK cells. The effect of Tat 
expressed from the transfected gene on the expression of the transfected 
Alu repeat was investigated by polymerase chain reaction (PCR). Initially, 
RNA was isolated from the transfected cells, converted to double stranded 
DNA through reverse transcription, and then, subjected to 30 cycles of 
PCR reactions to amplify the transcripts of Alu repeats. As shown in Fig. 5- 
3, PCR with Alu primers produced about 60 bp product derived from the 
transfected Alu repeat. Interestingly, more PCR products of Alu repeats 
were produced from cells co-transfected with Alu repeats and the tat gene 
compared to cells transfected with Alu repeats and plasmid vector (Fig. 5-3, 
tracks 1 and 2). Another PCR reaction using actin prim ers as a control 
produced a product of approximately 250bp whose level is similar between 
the two transfected cells (Fig. 5-3, tracks 3 and 4).

To further characterize the induction of Alu repeat transcription by 
Tat, the transcription rate of Alu repeats in HeLa tat 4 cells which stably 
express Tat protein was compared to that of parental HeLa cells by nuclear 
run  on assays. In these experiments, Alu repeat transcription was clearly 
up-regulated in HeLa tat 4 cells compared to ordinary HeLa cells indicating 
transcriptional up-regulation of Alu repeats by Tat (Fig 5-4, a and b).

As hum an T cells are a na tu ra l host for HIV infection, the 
transcrip tion  of A lu repeats in hum an  T cell lines, Jurkat and  its 
derivative Jurkat tat, was also examined by nuclear run  on assays. As 
show n in Fig. 5-5 , the transcription of Alu repeats was also up-regulated 
in| Jurkat tat cells indicating this effect is not a peculiarity of the HeLa tat 
cell line but is a general effect of tat on the expression of Alu repeats (c and 
d).
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Fig. 5-3. Interaction between the transfected Alu repeat and the HIV 
Tat protein expressed from the transfected Tat gene.
A functional Alu clone pCD107 was co-transfected with the cloned Tat 
gene pSV2 tat (tracks 1 and 3) or w ith a control plasmid vector, pAT153 
(tracks 2 and 4) into BHK-21 cells, lp g  of total RNA prepared from these 
cells were converted to double stranded DNA by reverse transcription and 
amplified by PCR using either the Alu oligonucleotide (tracks 1 and 2) or 
the actin oligoucleotide (tracks 3 and 4). Labelled arrow s indicate the 
positions of PCR products of Alu repeat and actin.

156



Fig. 5-4. The transcriptional level of Alu repeats in cell lines stably 
expressing HIV Tat protein.
Nuclear run-on assays were performed in HeLa cells (a ) and HeLa tat4 (b) 
or in Jurkat (c) and Jurkat tat (d) cell lines in the presence of 2.5 }ig/ml a- 
am anitin .
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5 . 2 . 3  HIV Tat up-regulates the transcription of A lu repeats by 
increasing TFIIIC activity

To investigate the m echanism  of A lu gene induction by Tat, the 
binding activity of TFIIIC in HeLa and its derivative HeLa tat 4 cells was 
compared by the DNA mobility shift assay. In this experiment, as shown in 
Fig. 5-5, increased TFIIIC binding to the B box oligonucleotide was detected 
in HeLa tat cells compared to the normal HeLa cells (panel a, tracks 1 and 2). 
This binding was specific because it was clearly competed away by excess B 
box oligonucleotide (panel a, tracks 7 and 8) b u t no t by excess U4 
oligonucleotide which has a Oct-1 binding site (panel a, tracks 3 and 4). Also 
the m utated B box displayed weaker competition (panel a, tracks 5 and 6) 
compared to that of unim paired B box (panel a, tracks 7 and 8) confirming 
the binding is specific.The same levels of protein binding to the U4 probe 
was observed between these two extracts indicating no differences in the 
amounts of protein used for the binding reaction (panel b, tracks 1 and 2). 
Similar results were obtained from Jurkat and Jurkat tat cells (Fig. 5-6). 
Therefore, Tat protein expressed in the tat cell lines increases the activity of 
TFIIIC and this could be the mechanism by w hich HIV Tat increases 
transcription of Alu repeats.

To investigate how HIV Tat increases TFIIIC activity and to test the 
possibility of phosphorylation, both HeLa and HeLa tat cell extracts were 
subjected to kinasing and dephosphorylation prior to the binding reaction. 
In these experiments, both types of modifications did not affect the increased 
level of TFinC activity in |HeLa tat 4 cells but changed the size and activity 
of TFIIIC binding to the B box (Fig. 5-7). Therefore, phosphorylation is not 
likely to be responsible for the enhancement of TFIIIC activity by Tat.

Since HTV Tat and other viral transactivators share a common effect on 
po lin  gene expression, it is interesting to test whether they have similarities 
in other functions. To test this possibility, the presence of an HIV Tat 
hom ologue among the HSV im m ediate early proteins was investigated. 
Several HSV mutants, each of which has a lesion in one of the five IE genes 
, were infected into both HeLa and HeLa tat cells at a multiplicity of 2 pfu per 
cell and harvested after 8 hours infection. The yield of these infections was 
m easured by titring these viruses on the Vero cells. As shown in Table 5-1, 
unfortunately, no virus strain showed a clear difference in grow th on HeLa 
and HeLa tat 4 cells indicating no close relationship among these proteins 
except in up-regulating polIII genes.
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Fig. 5-5. DNA mobility assay of TFOC binding to the B box in HeLa cells 
(panel a, tracks 1 ,3 ,5 , and 7) and HeLa tat cells ( panel a,|tracks 2 ,4 ,6 , and 
8).
Tracks 1 and 2 show the results in the absence of any unlabelled 
oligonucleotide competitor whilst the rem aining tracks show the results 
in the presence of four hundredfold excess of unlabelled oligonucleotides 
containing either an Oct-1 binding site (tracks 3 and 4), a m utated B box 
(tracks 5 and 6), or a B box (tracks 7 and 8). The control experiment (panel 
b) was perform ed with U4 probes containing an Oct-1 binding site and 
HeLa (track 1) or HeLa tat (track 2) cell extracts.
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Fig. 5-6. DNA mobility shift assay of TFIIIC binding to the B box in 
Jurkat (track 1) and Jurkat tat cells ( track 2).
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Fig. 5-7. Kinasing and Phosphorylation experiments.
HeLa (tracks 1, 3, and 5) and HeLa tat (tracks 2, 4, and 6 ) cell extracts (5pg 
each) were treated with 1 unit of catalytic subunit of protein kinase (tracks 
3 and 4) or 0 . 0 6  units of acid phosphatase (tracks 5 and 6 ) for 15 minutes at 
37 °C prior to binding reaction.
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HeLa HeLa tat
HSV-1 4.4xl04 6-OxlO4
tsK 3.8X104 3-OxlO4
R325 ZOxlO4 2.8x104
dll403 0.8X104 0.5x104
17x2D l.OxlO4 1.5X104
N38 l.lxlO 4 0.9X104

Table 5-1 The effect of wild type HSV and m utant strains on HeLa and 
HeLa tat cells.
HeLa and HeLa tat cells were infected w ith WT and various HSV-1 m utant 
strains at a multiplicity of 2 pfu. Infection w ith tsK w as carried out at the 
non-perm issive tem perature of 39#C. After 8 hours infection, viruses were 
harvested and their growth assayed as pfu by titring on Vero cells.
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5 . 3 .  D iscuss ion

In this chapter, the possibility of Alu gene induction as a general 
effect of virus infections was examined. Two DNA viruses, adenovirus and 
pseudorab ies v irus, activate transcrip tion  of A lu repeats by RNA 
polym erase III. This is particularly interesting because these two viruses 
are known not to activate transcription of endogenous 5S and tRNA genes 
(Gaynor et al., 1985; Berger and Folk, 1985). The possible explanation of the 
differential response of polIII genes during virus infection was discussed 
in chapter 3. Also, incidentally, it was found that the Tat protein of HIV 
which is an RNA virus can increase the transcription of Alu repeats. It is 
no t clear w hether this effect is the unique function of Tat protein on 
cellular gene expression or there are m ore cellular genes or cellular 
transcrip tion  factors affected by Tat protein. Because this resu lt was 
obtained from the cell lines stably transfected w ith tat gene, it is necessary 
to test HIV infected cells to confirm this effect also occurs in viral 
infection.

The common up-regulation of Alu repeats by several viruses is not a 
surprising  phenom enon since the regulatory  proteins of these viruses 
could overlap in function. It has been reported that the pseudorabies virus 
IE protein and HSV IE protein ICP4 can substitute the E1A function of 
adenovirus in an E1A deletion m utant (Feldman et al. 1982,[Tremblay et a/., 
1985). This study demonstrates that adenovirus El A, pseudorabies virus IE 
protein, HIV Tat protein, and HSV ICP27 share a common function in the 
expression of poim  genes.. However, it is im portant to note that, in spite of 
their sim ilar function under such a condition, their action is no t 
completely analogous. Early studies showed that although PRV IE protein 
can substitute for El A, it apparently does not occur vice versa (Feldman et 
al., 1982). In addition, it has been shown that El A and ICP4 are actually 
antagonistic in some situations (Tremblay et al., 1985). Also, as described in 
this chapter, although HSV ICP27 and HIV Tat share a function in 
regulating cellular pol III genes, HIV Tat can not substitute for HSV ICP27 
or any other im m ediate early proteins during infection. Anyway, it is 
obvious through this chapter that these viral transactivators are similar in 
stimulating pol III genes and share a common mechanism for this e ffec t.

In the next chapter, the effect of HSV infection on the pol II 
transcrip tion  of cellular genes and their possible m echanism  will be 
described.
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CHAPTER 6. EFFECTS OF HSV INFECTION ON RNA 
POLYMERASE II TRANSCRIPTION 
FACTORS

6.1 .  Introduction

Although most cellular genes transcribed by RNA polymerase II are 
repressed in HSV-infected cells (Fenwick, 1984), in a few cases, cellular 
genes are actually induced by HSV infection (Kemp et ah, 1986; Kemp and 
Latchman, 1988a, b). The mechanism by which this induction occurs is not 
clear, but it is probably dependent on either increasing or decreasing the 
activities of cellular transcription factors. In this chapter, I will test such a 
possibility by examining the effect of HSV infection on the activities of 
several cellular transcription factors. Especially, the effect on the activator 
protein 1 (AP-1) was examined in detail.

AP-1 was first described as a DNA-binding activity that recognized 
the enhancer elements of SV40, the hum an m etallothionein IIa  gene, and 
the control regions of genes whose expression is stim ulated by treatm ent 
of cells w ith the phorbol ester (12-O-tetradecanoyl phorbol-13-acetate) 
(Angel et ah, 1987; Lee et ah, 1987a,b). Many cell types have been found to 
contain AP-1 binding activity and binding sites have been located within 
several negative and positive regulatory elem ents (Franza et ah, 1988; 
Rauscher et ah, 1988). Subsequently, it was show n that affinity-purified 
preparations of AP-1 contained the products of the proto-oncogenes c-fos 
and c-jun  and that the c-Jun protein either as a hom odim er or as a 
heterodim er with the c-Fos protein could bind to the AP-1 binding sites 
and stimulate the expression of genes containing them (Angel et ah, 1988; 
Bos et ah, 1988; Rauscher et ah, 1988). The levels of AP-1 binding activity 
increase after cells are treated  w ith a variety  of stim ulatory  agents 
including serum, nerve growth factor, and the calcium ionophore A23187 
(Franza et ah, 1988; Rauscher et ah, 1988). These observation suggested that 
AP-1 may be involved in m any aspects of gene regulation.

The critical role of AP-1 in cellular g row th  control and  its 
relationship to proto-oncogene products stimulated considerable studies of 
the effects of potential transforming agents on AP-1, in order to determine 
whether these agents mediate their transforming effect by stimulating AP- 
1 activity. In particular, it has been show n that the activity of AP-1 is

167



increased in cells infected w ith SV40 (Morike et ah, 1988) and hum an 
cytomegalovirus (HCMV) (Boldogh et ah, 1990). However, in addition to 
their transforming abilities, both SV40 and HCMV stimulate infected cells, 
activating cellular DNA synthesis, cellular p ro life ra tion  and  the  
expression of a wide variety of cellular genes (Macnab, 1987; Rigby, 1981). 
Hence the activation of AP-1 activity observed in infected cells m ay be 
simply one aspect of a generalized activation of cellular processes rather 
than  a specific effect of possible relevance to transform ation. In this 
chapter, the effect of HSV infection on AP-1 will be investigated. As 
infection w ith HSV produces a profound repression of cellular gene 
expression (Fenwick, 1984), this study m ay elucidate  w hether the 
activation of AP-1 observed in HCMV and SV40 infection is a general 
effect of lytic infection with potentially transforming viruses or is simply 
one aspect of the general stimulatory effects of infection w ith HCMV or 
SV40

6 .2  Results

6 . 2 . 1  The binding activity of several transcription factors is affected by 
HSV-1 infection

HeLa cells were either infected with HSV-1 or mock-infected and 
harvested six hours after infection. Nuclear extracts were prepared from 
the cells by the method of Dignam et al. (1983), and used in DNA mobility 
shift assays. As shown in Fig. 6-1, the binding activities of ATF (activation 
transcription factor)(tracks 1 and 2), and Spl (tracks tracks 7 and 8) were 
unchanged upon HSV-1 infection. The activity of octamer binding protein 
Oct-1 was shown not to be changed by HSV infection (Fig. 6-3, tracks 3 and 
4). However, interestingly, the binding activities of NFkB (Fig. 6-1, tracks 5 
and 6) and AP-1 (tracks 3 and 4) were increased by HSV-1 infection. Thus, 
the effect of HSV-1 infection is different depending on the transcription 
factor. The increased activity of NFkB| after HSV infection has been 
previously dem onstrated (Gimble et a l, 1988). The increased activity of 
AP-1 was further characterized in detail.
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Fig. 6-1. The effect of HSV infection on the several po in  transcription 
factors. DNA m obility  sh ift assay w ere perform ed using  labelled  
oligonucleotides containing the binding site of ATF (tracks 1 and 2), AP-1 
(tracks 3 and 4), NFkB (5 and 6), or SP-1 (7 and 8) and nuclear extracts 
p repared  from  either m ock-infected (tracks 1, 3, 5, and 7) or HSV-1 
infected HeLa cells (tracks 2 ,4 ,6 , and 8).
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6 . 2 . 2 .  HSV-1 infection can induce AP-1 activity

To confirm the up-regulation of AP-1 activity observed in the 
infected HeLa cells, the same experiments were carried ou t w ith BHK-21 
cells. As shown in Fig. 6-2, the level of AP-1 binding in HSV-1 infected 
BHK cells increased about three to five fold com pared to mock-infected 
cells (tracks 1 and 2). Therefore, this increase m ust be a general effect of 
HSV-1 infection on the AP-1. There |was a major band and several m inor 
bands which m ay be derived  from  c-Jun hom odim er or c-Jun 
heterodim ers w ith c-Fos or w ith other m em bers of AP-1 family. The 
specificity of this binding was checked by competing with excess amounts 
of unlabelled AP-1 oligonucleotide or U4 oligonucleotide which has a Oct- 
1 binding site. As expected, the AP-1 binding complexes were removed by 
excess amounts of AP-1 oligonucleotides (Fig. 6-2, tracks 3-8) but were not 
affected by excess U4 oligonucleotides (tracks 9 and 10). In contrast a major 
complex of high mobility which was of similar abundance in mock- and 
virus infected cells was competed out only weakly by unlabelled AP-1 and 
is likely to represent a non- specific DNA binding protein. The amounts of 
proteins present in both mock- and HSV-1 infected extracts were almost 
equal as demonstrated in the gel shift assay using the U4 probe (Fig. 6-3, 
tracks 3 and 4).

Having established that HSV-1 infection increases activity of AP-1, it 
w as then determ ined w hether this effect occurred th rough  increased 
synthesis of AP-1 or th rough  post-translational m odification of p re
existing protein. The level of c-Jun in mock- and HSV-1 infected HeLa 
cells was measured by doing western blotting using a polyclonal antibody 
specific for c-Jun protein. This experiment was carried out in collaboration 
w ith  Dr. J. W oodgett's g roup  (Ludwig Institute for Cancer Research, 
London). Interestingly, an approximately three to five fold increased level 
of c-Jun was detected in HSV-1 infected cells com pared to mock-infected 
ones (Fig 6-4; provided by Dr J. Woodgett). This increase in c-Jun parallels 
the similar degree of increase in AP-1 detected in the DNA-mobility shift 
assay . Therefore, the induced AP-1 activity in the virus infected cells 
resulted, at least in part, from  the increased synthesis of c-Jun protein.
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Fig. 6-2. The spedfid ty  of AP-1 binding to its binding site.
DNA mobility shift assay was perform ed using a labelled oligonudeotide 
containing a consensus AP-1 binding site and nuclear extracts prepared 
from BHK-21 cells six hours after mock infection (tracks 1, 3, 5, 7, and 9) or 
infection of HSV-1 at a multiplicity of 5 pfu per cell (tracks 2, 4, 6, 8, 10). 
Tracks 1 and 2 show  the results in the absence of any unlabelled 
oligonucleotide com petitor whilst the rem aining tracks show the results 
in the presence of fiftyfold (tracks 3 and 4), one hundredfold (tracks 5 and 
6) and  four hundred fo ld  (tracks 7 and 8) excess of an unlabelled  
oligonucleotide containing the AP-1 motif. Tracks 9 and 10 show the 
results in the presence of four hundred  fold excess of an unlabelled 
oligonucleotide containing an Oct-1 binding site.
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Fig. 6-3. Control experiment of AP-1.
DNA mobility shift assay was perform ed using a labelled oligonucleotide 
containing either the AP-1 motif (tracks 1 and 2) or the octam er m otif 
(tracks 3 and 4) and nuclear extracts prepared from mock-infected (tracks 1 
and 2) or HSV-1 infected (tracks 2 and 4) cells.

174



Fig. 6-4. Western blotting assay of AP-1.
W estern blotting assay was performed using an anti-c-Jun antibody and 
nuclear extracts from HeLa cells (tracks 3 and 4) or BHK-21 cells (tracks 5 
and 6) either infected with HSV-1 (tracks 3 and 5) or mock-infected (tracks 
4 and 6). Samples were resolved by SDS PAGE and transferred to PVDF 
m em brane. A polyclonal an tibody raised  against a g lutathione-S . 
transferase-hum an c-Jun fusion protein was used for immunoblotting and 
the signal was detected by enhanced chem ilum inescence using HRP- 
conjugated donkey anti-rabbit IgG (Amersham). Track 2 shows a control 
lysate from Cos-7 cells transfected with a hum an c-Jun expression plasmid 
whilst track 1 shows untransfected Cos-7 cells.
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Further evidence for the increased level of c-Jun in infected cells was 
provided by the immunoprecipitation using the same antibody of cellular 
extracts labelled w ith 35S-m ethionine (Dr J. W oodgett, personal 
com m unication).

To investigate the effect of HSV-1 infection on AP-1 at the 
transcriptional level, a nuclear run on assay was carried out. For this 
experiment, HeLa cells were infected for 4 hours at a multiplicity of 5 p.f.u. 
As shown in Fig 6-5, the transcriptional levels of c-fos and c-jun in HSV-1 
infected cells were slightly increased compared to mock-infected cells. The 
transcriptional level of another cellular proto-oncogene, c-myc was not 
affected by HSV-1 infection.
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Fig. 6-5. Nuclear run-on assay of transcription of AP-1.
The transcriptional levels of c-fos (1) and c-jun (2) were determ ined in 
mock infected (A) or HSV-1 infected (B) HeLa cells, c-myc (3) and 18S 
ribosomal clone (4) were used as controls.
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6 . 2 . 3 .  HSV-1 immediate early protein ICPO is responsible for the
enhanced AP-1 activity

To investigate further the mechanism of AP-1 induction by HSV-1 
infection and to identify the viral protein(s) responsible for this effect BHK 
cells w ere infected w ith  tsK (Preston, 1979a) for 6 hours at the 
nonpermissive tem perature of 39 °C and the level of AP-1 activity in DNA 
mobility shift assays compared to that observed in cells mock infected at 
39 °C. As m entioned before, under these conditions, tsK cannot proceed 
through its full lytic cycle bu t is blocked at the im m ediate early stage 
producing only the defective ICP4 protein and the other four imm ediate 
early proteins. As shown in Fig. 6-6, despite this abortive infection, tsK can 
still increase the level of AP-1 binding activity ( tracks 1 and 2). Therefore, 
the induction does not require expression of HSV-1 early or late genes but 
requires an early event of viral infection occurring in cells infected w ith 
tsK at the non permissive temperature. The event which can occur in the 
early stage of viral infection responsible for the induction of the AP-1 
activity includes the en try  of virion and follow ing action of virion 
com ponents or the  action of a v iral im m ediate  early  pro te in  (s) 
synthesized during this period.

In addition to ICP4 the immediate-early proteins ICPO and ICP27 were 
known to transactivate cellular and viral gene expression during infection 
or transfection experim ents (Everett, 1984; 1986), the possibility of the 
induction of AP-1 activity by either of these regulatory proteins was tested. 
For this, infection was carried out w ith either dll403 (which carries a 
deletion in the gene encoding ICPO: -Stow and Stow, 1986) and 17x2D 
(which carries a deletion in the gene encoding ICP27:- Maclean and Brown, 
1987). DNA mobility shift assays were perform ed w ith nuclear extracts 
from these cells along w ith mock-infected extracts. In these experiments, 
the infection with ICPO m utant, dll403 did not show any increased binding 
of AP-1( Fig. 6-6, tracks 3 and 4) whereas infection w ith the ICP27 m utant 
produced a clear increase in AP-1 binding activity (tracks 3 and 5). These 
experim ents, therefore, dem onstrated that the up-regulation  of AP-1 
activity observed in HSV infected cells is dependent upon the activity of a 
functional ICPO protein.
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Fig. 6-6. AP-1 activity in BHK cells infected with HSV mutants.
DNA m obility  shift assay was perform ed using  a labelled  AP-1 
oligonucleotide and extracts prepared from BHK-21 cells mock- infected at 
39°C (track 1) or 37°C (track 3) or infected with HSV-1 strain tsK at 39°C 
(track 2) or with HSV-1 strain dl!403 (track 4) or 17x2D (track 5) at 37 °C.

180



To get direct evidence that ICPO alone can induce AP-1 activity in the 
absence of lytic infection, a plasmid clone TRE CAT which contains five 
AP-1 binding  sites cloned into pBI^CAT (Angel et al., 1987), was 
cotransfected w ith either an ICPO expression p lasm id  or an ICP27 
expression plasmid into HeLa cells. CAT assay using these transfected cells 
(Fig. 6-8) showed that only ICPO clearly stim ulated expression of the 
cotransfected AP-1 construct (Fig. 6-8, panel A, track 2) whereas ICP27 did 
not affect gene activity (panel A, tracks 3). ICPO had no effect on pBL2CAT 
vector itself (Fig. 6-8, panel B) indicating that these effects are specific for 
ICPO and an AP-1 site.

Hence the ICPO protein alone is able to up-regulate AP-1 activity and 
is responsible for the increased AP-1 activity observed in lytic infection 
w ith HSV. M oreover, the increasedjlevels of AP-1 binding  observed in 
mobility shift assays are paralleled by increased functional activity of AP-1 
resulting in the induction of AP-1 dependent promoters.

181



Fig. 6-7. The effect of HSV immediate early proteins on the expression of 
AP-1. CAT activity in HeLa cells transfected w ith TRE-CAT( Angel et al.,
1987) together w ith either plasm id vector (panel A, track 1), an ICPO 
expression plasm id (panel A, track 2) or an ICP27 expression plasm id 
(panel A, track 3) was determined. A control experiment was performed by 
co-transfecting  pBL2CAT vector w ith either control p lasm id  vector 
pAT153 (panel B, track 1), or an ICPO expression plasm id (panel B, track 2), 
or an ICP 27 expression plasmid (panel B, track 3).
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6 . 3  D iscu ss ion

This chapter show ed that different cellular transcription factors are 
affected differently by HSV infection. HSV increases the activity of a few 
cellular transcrip tion  factors such as NFkB and AP-1. In contrast, no 
increase in the activity of several other transcription factors such as Oct-1, 
Sp-1, and ATF was detected. The activation of NFkB activ ity  w as 
previously observed in connection with the ability of HSV to transactivate 
the HIV LTR (Mosca et a l, 1987; Gimble et a l, 1988). The activation of this 
factor accompanies T-cell activation and is therefore considered likely to 
have a major role in the escape from viral latency under physiological 
conditions (Nabel and Baltimore, 1987). Therefore, HSV infection m ay 
play a role in the reactivation of HIV from the latent state. In addition to 
the activation of HIV LTR, HSV induction of NFkB activity m ay be 
im portant for the regulation of HSV gene expression during  a herpes 
v irus infection. The activation of NFkB by HSV m ay occur post 
transcriptionally, by disrupting cytosolic complexes between NFkB and a 
specific inhibitory factor allowing NFkB move to the nucleus (Baeuerle 
and Baltimore, 1988). The HSV protein responsible for the induction of 
NFkB is not identified yet. The up-regulation of AP-1 activity was further 
investigated since it had  not been previously reported. This occurs 
through increasing the concentration of its protein, possibly Fos and Jun, 
at the transcriptional level by the action of ICPO. HSV might produce most 
of its effect on cellular gene expression through either increasing or 
decreasing the activities of these transcription factors.

The significance of the elevated AP-1 activity in the regulation of 
cellular gene expression during virus infection can be considered. AP-1 is 
known to play a role in gene regulation (Curran and Franza, 1988). It 
recognizes the control region of genes whose expression is stim ulated by 
treatm ent of cells w ith phorbol esters (Angel et a l, 1987). Proto-oncogene 
c-Jun, a member of AP-1 family, can bind either as a hom odim er or as a 
heterodim er w ith c-Fos to the AP-1 binding sites and stim ulate the 
expression of genes containing them (Angel et a l, 1988). Also, Fos protein 
may stabilize or enable the sequence specific DNA binding of the Fos/Jun 
protein complex (Franza et al, 1988, Sassone-Corsi et a l, 1988). In addition, 
several independent studies have shown that Fos trans-activates AP-1 
dependent transcription (Lucibello et al, 1988) and can trans-repress the c
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fos prom oter for autoregulation (Sassone-Corsi et a l, 1988).
The activation of proto-oncogenes is likely play an im portant role 

d u ring  cell transfo rm ation  by v irus infection (Land et al., 1983; 
N ishim ura, 1987). Tumorigenic transformation of rodent prim ary embryo 
fibloblasts requires the co-expression of an activated c-H-ras gene and c- 
myc oncogene (Land et a l, 1983). The activation of these proto-oncogenes 
can be achieved by Rous sarcoma virus infection (RSV) (Kuchino et a l,
1987). Also, the transcription of fgr proto-oncogene is activated by EBV 
infection in  lym phocytes (Cheah, 1986). In terestingly , experim ents 
described in this chapter showed that HSV infection can increase the level 
of c-jun and possibly c-/os. The significance of these proto-oncogenes 
during  cellular transform ation and oncogenesis processes have been 
reported previously. The jun  oncogene is responsible for induction of 
fibrosarcomas in chickens by avian sarcoma virus 17 (Maki et a l, 1987). On 
the other hand, the fos oncogene (v-/os ) is responsible for the induction 
of osteogenic sarcomas by the FBJ m urine sarcoma virus (Curran and 
Teich, 1982). Its norm al cellular homologue, c-/os, encodes a nuclear 
protein (Fos) that undergoes extensive post-translational m odification 
(Curran et a l, 1984; 1985). Recently, it has been reported that the leucine 
repeat m otif in Fos protein mediates complex form ation w ith Jun/AP-1 
and is required for cell transformation (Schuermann et a l, 1989).

It has been previously shown that infection with SV40 (Morike et a l,
1988) and HCMV results in an increased activity of AP-1. Therefore, the 
stim ulation of AP-1 activity may be a general effect of infection w ith 
transforming viruses and thus possibly plays an im portant role in cellular 
transform ation. Such a possibility isparticularlyinteresting in the case of 
HSV and HCMV which do not encode any oncogene and  appear to 
transform  via a "hit and run" mechanism involving a virally-induced 
change in the host cell (Macnab, 1987; Galloway and McDaugall, 1983). 
W hatever the case, the activation of AP-1 by ICPO is one of the small 
num ber of stim ulatory effects of HSV infection on cellular biosynthesis 
and is therefore likely to play a critical role in some aspect of the 
interaction between HSV and the cells it infects.
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Chapter  7. Discuss ion

Infection w ith HSV suppresses m ost cellular gene expression 
rapidly in the early stage of virus infection (Fenwick, 1984). However, 
this virus also increases the gene expression from a few cellular genes 
(La Thangue and Latchman, 1988; Kemp and Latchman, 1988). It is not 
clear why the virus induces these cellular genes and how  such effects 
occur.

Experiments presented in this thesis introduce some examples of 
such induced genes and suggest a possible mechanism by which such 
effects occur. Alu repeats are induced at the transcriptional level by the 
action of ICP27. This effect is mediated through increasing transcription 
factor IIIC (TFinC) which is the limiting factor for polIII transcription 
(Yoshinaga et a l,1986). The increased activity of TFIIIC is probably due 
to its increased abundance. It is not clear how such an increase occurs. 
Also, Ad, PRV, and HIV show the same effect on the expression of Alu 
repeats to that shown by HSV. Two different clones of Alu repeats, 
Blur 11 and pCD107 were used in this thesis and both of which are 
induced by virus infection, but in a different extent depending on cell 
types (Fig. 3-19 and 3-20). It could be explained by considering the 
abundance and divergence of Alu repeats, i.e. some members of Alu 
family might be induced infcme cell type whereas other members of Alu 
sequences could be induced in another cell type.

HSV also has effects on the RNA polym erase II transcription 
system. HSV increases the activity of a few cellular transcription factors 
such as AP-1 and NFkB. In contrast, no increase in the activity of 
several other transcription factors such as the octamer binding factor 
Oct-1, Spl, or ATF was observed. The up-regulation of AP-1 activity 
was further investigated. This was induced through increasing its 
concentration probably at the transcriptional level by the action of HSV 
IE protein ICPO. This effect is the first case in which ICPO alone affects 
cellular gene expression and may explain the very poor grow th of ICPO 
deletion m utants in m ost cell types (Stow and Stow, 1986). These 
differential effects on several transcription factors may be the way by 
which HSV regulates cellular gene expression.

Why then does HSV increase the transcription of Alu repeats and 
the activity of AP-1? It is unclear whether the induction of Alu repeats 
plays a role in regulating  cellular gene expression during  virus
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infection or simply represents a fortuitous effect of virus infection. On 
the other hand, the increased level of AP-1 activity jinduced by the Virus 
infection may play an im portant role in regulating cellular gene 
expression as AP-1 is known as a novel cellular transcription factor 
regulating the expression of several cellular genes (reviewed in Curran 
and Franza, 1988).

The cellular genes induced during HSV infection could play an 
important role in the transformation process. It has been suggested that 
cellular genes related to the transform ing HSV fragm ent can be 
ta rg e ted  for genetic  a lte ra tio n s assoc iated  w ith  neo p lastic  
transformation (Jariwalla, et a l, 1986; Macnab, 1987). Also it is possible 
to consider that HSV perform s its transform ation function through 
inducing a cellular gene(s), especially cellular oncogenes. Interestingly, 
experiments described in this thesis showed that HSV infection can 
increase the level of c-Jun and possibly c-Fos. The significance of these 
proto-oncogenes during  cellular transform ation and  oncogenesis 
processes has been dem onstrated before (Curran and Franza, 1988). 
Because SV40 (Morike et a l, 1988) and HCMV (Boldough et a l, 1990) 
are also known to induce these proto-oncogene, this could be a general 
effect of virus infection which could lead to cell transformation.

In SV40 transformed cells, B1 and B2 repeats are highly expressed 
com pared to norm al cells (Scott et a l, 1983; Singh et a l, 1985). 
Therefore, Carey et a l (1986) suggested the possible role of these highly 
repetitive genes in the transformation process. A similar situation is 
described in this thesis. HSV infection up-regulates the level of Alu 
repeats which are sim ilar to B1 and B2 repeats in struc tu re  and 
function (Ullu and Melli, 1982; Krayev et a l, 1982). This could be a 
general effect of virus infection as other viruses such as Ad, PRV, and 
HIV up-regulate these genes.Therefore, Alu repeats induced during 
virus infection could play a role during the transformation process. It is 
not clear how these affect transformation.

The induced cellular genes could also play a role in the latency 
process which is another feature of HSV infection. HSV establishes 
latency under certain conditions and such latently infected viruses can 
be reactivated by several stimuli such as stress, heat, and  UV light 
exposure (Stevens, 1989; Latchman, 1990). A lthough a few latency 
associated transcripts have been found by several investigators, they are 
not necessary to establish and reactivate latent virus infection (Steiner
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et al., 1988; Sedarati et a l, 1989). Therefore, there is a possibility that the 
induced cellular genes in HSV-infected cells could play a role in the 
establishm ent and reactivation of HSV latency. Interestingly, IE gene 
expression in the lytic cycle is dependent upon  the interaction of 
cellular transcription factors, such as Spl and the octam er binding 
protein Oct-1, with binding sites in the IE prom oters (Jones and Tjian, 
1985; O 'Hare and Goding, 1988). The transactivation of IE genes by a 
viral protein, Vmw65, is also achieved by interaction w ith Oct-1 and 
other cellular factors (Gerster and Roeder, 1988; O 'Hare and Goding, 
1988; Preston et al., 1988). Therefore, for proper lytic infection, it is 
im portant to regulate these cellular genes to the level sufficient for the 
synthesis of viral im m ediate early protein. The failure of IE gene 
expression in neuronal cells is likely to be caused by differences in the 
nature of these cellular transcription factors in such cells, which may in 
tu rn  reflect differences in the regulation of cellular gene expression 
m ediated by these factors in neuronal cells (Kemp et a l, 1990). These 
possibilities require further investigation.

W hatever the case, the work described here represents the first 
descrip tion  of the increased transcrip tion  of endogenous RNA 
polym erase III transcription units during infection by a large DNA 
virus. Also this thesis explores the mechanisms by which the virus 
affects cellular genes and suggests possible role of such induced genes 
du ring  HSV infection. Further studies in this area are required  
however. First, the Alu repeats affected by HSV infection could be the 
Alu source genes which are highly conserved, functional copies of Alu 
sequences (Deininger and Daniels, 1986; Britten et a l, 1988;1989) as only 
these genes among these abundant repeats are known to be active in 
transcription (Britten et a l, 1988; 1989). In this case, the HSV infected 
cells w ould provide an excellent opportunity to clone the source gene 
of Alu repeats via its RNA product. It is difficult to clone these source 
genes from ordinary cells because they are expressed at very low level 
in those cells. Therefore, using infected cells, it should be m uch easier 
to identify these genes. Second, more viruses such as HIV, EBV, and 
HPV should be tested for their ability to induce polIII genes to evaluate 
the significance of these genes during infection. It is necessary to test 
whether the lytic infection with HIV could have the same effect on the 
transcription of Alu repeats. Also, as described in chapter 3, the 
cervical cell line transformed by HPV and thus harbouring integrated,
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transcriptionally active copies of endogenous HPV DNA (Boshart et a l , 
1984) showed higher perm issivity for HSV com pared to that of the 
parent cell line indicating similarities of these two viruses. The level 
of Alu repeats induced by HSV infection was increased in the HPV- 
transformed cervical cells indicating the HPV gene expressed in these 
cell lines might help the induction of Alu repeats by HSV. Therefore, 
it is interesting to test w hether lytic infection w ith HPV activates 
transcription of Alu repeats, j Tissue samples or prim ary keratinocytes 

could be used to test the effect of HPV.
EBV is another member of the herpes virus family and is 

know n to encode small RNAs called EBER (Epstein-Barr virus small 
RNA) 1 and 2, transcribed by both pol II and pol III (Lerner et al., 1981; 
Howe and Shu, 1989). Therefore, it is interesting to test w hether this 
virus induces transcription of Alu repeats. Through studies with these 
several viruses, it m ight be possible to establish  the possible 
significance of the induction of Alu repeats during  virus infection. 
Third, the mechanism by which HSV increases TFIIIC could be directly 
identified if a cloned TFIII gene and a antibody against it are available. 
A Ig tll cDNA library was screened using the polIII prom oter B box, 
bu t it was difficult to identify a TFIIIC clone because of non-specific 
binding. However, it is still worth trying this m ethod again because the 
TFIIIC appeared to bind strongly to the B box in the gel mobility shift 
assays. Alternatively, if TFIIIC is purified to homogeneity, the amino 
acid sequence of it could be used to clone this gene. Fourth, more 
cellular transcription factors including TFIID (transcription factor IID), 
CTF/NF1 (CCAAT-binding transcription factor) and several octamer 
binding proteins should be tested for their response to HSV infection. 
By referring these results to the normal function of the transcription 
factors, it m ight be possible to establish the mechanism by which the 
virus regulates cellular gene expression. A lternatively, it m ight be 
possible to identify new cellular transcription factors affected by HSV 
infection through exam ining cellular genes already know n to be 
affected by HSV infection. Using a series of deletion m utants of these 
genes, it might possible to find out the prom oter region responsible for 
the induction by virus infection. Also, it m ay possible to identify a 
novel cellular transcription factor(s) which is specifically regulated by 
HSV infection. Through these studies, it may be possible to establish 
the mechanism by which the virus affects cellular gene expression
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Finally, it may be possible to establish the m echanism by which HSV 
transform s cells th rough  exam ining m ore cellular oncogenic or 
transform ing genes for their response to the virus infection. Also it is 
necessary to test other transform ing viruses such as EBV and HPV to 
see whether they affect these genes similarly to HSV. It is particularly 
interesting w ith HPV as this virus is known to transform  cervical cells 
possibly in combination w ith HSV (zur H ausen, 1982). Therefore, it 
could be possible to establish the possible mechanism by which these 
viruses transform  cells and to estim ate the significance of HSV 
infection during formation of cervical cancer.
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