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The Alu family of repeated sequences 1s transcribed by both RNA polymerase II and RNA polymerase III In cells infected with HSV, transcription

by polymerase III increases while transcription by polymerase II decreases By using virus strains carrying mutations in the genes encoding individu-

al regulatory proteins, we have shown that this effect 1s dependent upon the immed:ate-early protein ICP27 and occurs by a process distinct from

those which regulate viral gene expression Thus 1s the first example of increased transcription of endogenous cellular sequences by RNA polymerase
I1I during infection with a DNA virus

Herpes simplex virus infection, Alu repeat, RNA polymerase III, Transcriptional control

1. INTRODUCTION

Although in eukaryotes RNA polymerase II is
responsible for the transcription of protein-encoding
genes, the activity of RNA polymerase III is essential
for the transcription of several vital cellular transcrip-
tion units such as those encoding the transfer RNAs
and the 5S RNA of the ribosome (reviewed in [1]).

To investigate the regulation of transcription by this
polymerase further, several investigators have studied
the effects of viral proteins on the expression of genes
transcribed by RNA polymerase III. These studies have
shown that both the E1A protein of adenovirus [2] and
the immediate-early protein of pseudorabies virus [3]
can increase the expression of a co-transfected 5S or
tRNA gene by increasing the activity of transcription
factor IIIC [4] whilst having no effect on the transcrip-
tion of the endogenous 5S or tRNA genes.

To characterize further the interaction of viral genes
with RNA polymerase III-transcribed genes, we have
studied the effect of herpes simplex virus (HSV) pro-
teins on the Alu family of repeated sequences, several
100 000 copies of which are present in the human
genome [5]. Many of these 300 base pair sequences are
found within the 3’ untranslated region or in the in-
tervening sequences of protein-coding genes and are
hence transcribed by RNA polymerase II as part of the
large primary transcripts of such genes. In addition
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however, many of these repeats contain functional pro-
moters recognized by RNA polymerase III and are
hence transcribed in isolation by this polymerase pro-
ducing small RNA molecules [16].

This system thus provides a unique opportunity to in-
vestigate the effects of viral proteins on transcription of
the same sequence by two different RNA polymerases.
Recently Panning and Smiley (manuscript in prepara-
tion) showed that although large RNA species contain-
ing Alu sequences decreased in abundance upon HSV
infection, smaller Alu transcripts were present at in-
creased abundance in the infected cells. Such observa-
tions are consistent with a differential effect of HSV
infection on transcription of Alu sequences by RNA
polymerases II and III but this possibility could not be
confirmed since inhibitors which distinguish between
transcription by these two polymerases (see below) also
inhibit HSV infection.

Here we report that HSV infection does indeed
stimulate transcription of Alu repeated elements by
RNA polymerase III and that this effect is dependent
on the viral immediate-early protein ICP27. This is the
first report of the stimulation of and endogenous as op-
posed to a transfected polymerase III transcription unit
by a viral protein.

2. MATERIALS AND METHODS

2 1. Viral infection

HeLa cells were infected at a multiphcity of infection of 10pfu per
cell with HSV-1 strain F [7] or with the HSV-1 mutant strains tsL.B2
(which has a mutation 1n the gene encoding ICP4:-8), 17X2D (which
has a mutation 1n the gene encoding ICP27:-9), d11403 (mutant in
the ICPO gene-10), R325 (mutant 1n the ICP22 gene:-11) or N38
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{mutant in the ICP47 gene:-12). Cells were harvested § h after infec-
tion for the preparation of RNA or nuclei. Mock-infected cells were
similarly treated without addition of virus.

2.2 RNA analysis

Total RNA was prepared from cells by the guanidinium isothyo-
cyanate procedure {13] and analyzed by Northern blotting {14] using
the Alu probe Blur 11 [15] which had been radiclabelled by the
method of Feinberg and Vogelstein [16].

2.3 Nuclear rur-on

Nuclear run-on assays of trauscription were carried out as
previously described [17] and the labelled products used to probe dot
blots onte which the Alu probe Blur 11 [13], 2 control probe which
hybridizes to ribosomal RNA [18] and a histone H2B probe [19] had
been spotted. «-Amanitin was added 1o the reactions as indicated at
a final concentration of 2.5 ug/ml.

3. RESULTS AND DISCUSSION

To confirm the effect of HSV infection on Alu con-
taining RNA species, Hela cells were infected with
HSV-1 and total RNA was isolated 8 h after infection.
The expression of Alu RNA in infected cells was com-
pared to that in mock-infected cells by hybridization
with the radio-labelled Alu probe, Blur 11 [15]. As
shown in fig.1, a smear of high molecular weight Alu
containing RNAs was detected, the abundance of
which decreased slightly upon infection. In contrast,
small RNA species of approximately 200-300 bases in
size increased approximately five fold in abundance
upon infection.

We next investigated whether these effects cccurred
at the trapscriptional level by carrying out a nuclear
run-on assay {17] using nuclei prepared from mock-
infected or infected cells 8 h after infection. In these ex-
periments (fig.2a,b), decreased transcription of the Alu
repeated sequence was detected in the infected cell
nuclei indicating that overall Alu transcription falls in
infected cells. The fact that the nuclear run-on assay
measures transcription by assaying the in vitro elonga-
tion of transcripts initiated in vivo allowed us to use in-
hibitors to dissect out the effects of infection on Alu
transcription by polymerases II and IIL In particular
the fungal toxin w-amanitin inhibits RNA polymerase
IT when it is present at very low levels (1 pg per mD}
whereas RNA polymerase III is only inhibited at much
higher levels (over 10 pg per ml:-20). We therefore add-
ed c-amanitin to the nuclear extracts at a concentration
of 2.5 pg per mi and carried out nuclear run-on ex-
periments as before. In this case, increased transcrip-
tion of Alu repeated sequences was observed in the
infected cell extract (fig.2, ¢ and d), indicating that
elevated transcription of these repeated sequences by
RNA polymerase III does occur in infected cells against
a background of declining transcription by RNA
polymerase II. Mo increased transcription of other
genes transcribed by RNA polymerase Il including
those encoding 58 RNA, transfer RNA and 7SI. RNA
was observed in these experiments (fig.3) indicating
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Fig.1. Northern blot of total RNA isolated from mock infected (M)

or HSV-1 infected (1) HeLa cells and hybridized with the Alu specific

probe Blur 11. Labelled arrows indicate the positions of the 288 and
188 ribosomal RNAs.

that the effect is specific for Alu repeated sequences.
Such a conclusion is of particular interest in the case of
7SL. RNA which has sequence homology to Alu [21]
and indicates that increased transcription of this gene is
not responsible for the increased transcription detected
with Alu probes. As expected the transcription of the
viral immediate-early 4 gene and the cellular histone
H2B gene by RNA polymerase II was abolished by the
o-amanitin treatment {fig.2, ¢ and d) confirming that
this treatment differentially affected polymerase I and
polymerase 111 transcription.

Fig.2, Nuclear rup-on assay of transcription in mock-infected (s and
o} or infected (b and d) Hela cells. In ¢ and d the assay was carried
out in the presence of c-amanitin at a concentration of 2.3 gg/ml Key
1o spots: 1, Alu clone Blur 11; 2, control ribosomal clone; 3, HSV-1
immediate-early 4 gene; 4, histone H2B gene.
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Fig.3. Nuclear run-on assay of transcription {in the presence of o
amanitin) in mock infected (M) or HSV-1 infected (I) HeLxa cells, Key
to spots: 1 and §, Alu clone; 2, control ribosomal clone; 3, SSRNA
gene; 4, tRNA gene; 6, histone H2B gene; 7, 7SL gene; 8, 7SK gene.

Having established that HSV infection stimulates
polymerase III transcription of Alu sequences we wish-
ed to determine the relationship of this process to the
various phases of viral gene expression which occur in
the infected cell,

To do this we infected HeLa cells with the HSV-1
mutant ts LB2 which carries a temperature-sensitive le-
sion in the gene encoding the viral immediate-early pro-
tein ICP4 [8]. Because this protein plays an essential
role in the transcription of the viral early and late genes
[22] when it is non-functional infection is aborted at an
early stage, only the 5 viral immediate-early proteins in-
cluding defective ICP4 being synthesized in the infected
cell {23]. Despite this, in infections carried out with
tsLB2 at the non-permissive temperature of 39°C in-
creased transcription of Alu repeats was observed in the
infected cells when compared to mock infected cells in-
cubated at the same temperature (fig.4). Similar in-
creased transcription was also observed in infections
with another virus carrying a temperature-sensitive
mutation in the ICP4 gene, tsK {[23], data not shown)
indicating that this effect is not unique to tsLB2. In-
deed the increase in Alu transcription observed in tsK
and tsLB2 infection was actually greater than that
observed in infections with wild type virus paralleling
the over-production of the immediate-early proteins
which occurs in infections with these viruses {23].

To investigate the possibility that one of the 4 other
viral immediate-early proteins synthesized in tsLB2 in-
fected cells was responsible for the induction of Alu
transcription, we carried out infections with viral
strains each of which contained a mutation in the gene
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Fig.4. Nuclear run-on assay of transcription {in the presence of 2.5
pg/ml a-amanitin) in Hela cells either mock infected (a) or infected
with HSV-1 strain tsLB2 (b) at the non-permissive temperature of
39°C. Key to spots: 1, Alu clone Blur 11; 2, control ribosomal clone.

encoding one of these proteins. In these experiments
(fig.5), no effect on Alu induction was observed in in-
fections with strains carrying mutations in the genes en-
coding ICPO, ICP22 and ICP47 (see for example
fig.5¢) but induction of Alu transcription was abolished
in the HSV-1 mutant 17X2D which carries a mutation
that eliminates the production of functional ICP27
(fig.5b).

Hence the induction of Alu transcription by RNA
polymerase Il requires the presence of a functional
ICP27 protein. This protein is also involved in the in-
duction of viral late gene expression in infected cells
[24,25] but only in conjunction with ICP4. Unlike the
processes described here, such viral late gene induction

Fig.5. Nuclear run-on assay of transcription (in the presence of 2.5

rg/ml a-amanitin) in HeLa cells either mock infected (a) or infected

with HSV-1 strain 17X2D (b) or N38 (c). Key to spots: 1, Alu clone
Blur 11; 2, control ribosomal clone.
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does not therefore occur in infections with tsLB2 where
ICP4 is defective even though functional ICP27 is pre-
sent. Thus the induction of Alu transcription in HSV
infected cells occurs by a process distinct from those
which regulate viral gene expression. Interestingly we
have previously shown that the increased accumulation
of a cellular protein in HSV infection is also obligately
dependent on ICP27 but not ICP4 [26] suggesting that
whilst ICP27 may play only an accessory role in viral
gene regulation, it may be of major importance in the
interaction of the virus with cellular regulatory systems.

The effect of ICP27 on Alu gene transcription is
distinct from previous reports of viral proteins acting
on polymerase III transcription units in that in these
cases both the E1A protein of adenovirus [2] and the
immediate-early protein of pseudorabies virus [3] in-
creased the expression of cotransfected 5S and tRNA
genes transcribed by RNA polymerase III but as in our
experiments, no increased transcription of endogenous
5S or tRNA genes was observed in the infected cells [2,
3]. This was attributed to the organization of such
genes into stable transcription complexes unable to re-
spond to increased levels of transcription factor III C
(for review see [27]). If a similar mechanism operates in
HSYV infection this would suggest that the Alu repeats
like recently transfected genes may be more accessible
to cellular transcription factors than other endogenous
polymerase III genes. Whatever the case, the work
described here represents the first description of the in-
creased transcription of endogenous RNA polymerase
I1I transcription units during infection by a large DNA
virus, such transcription being induced by a process
distinct from those which activate the expression of the
different classes of viral genes.
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