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ABSTRACT
Lytic infectio with herpes simplex virus results in transcriptional

induction of a cellular gene erncxirng ubiquitin, causing increased
accluulaticn of ubiquitin RNM and protein in the infected cell. This
induction, which is dependent upon viral protein synthesis, does rnt occur in
the HSV-1 nutarnt tsK whiC3 is defective in the gene encoding the viral protein
ICP4. Transfected cells expressing the viral ICP4 protein exhibit higher
levels of ubiquitin gene transcription than untransfectel controls icating
that transcriptional irduction can be mediated by the ICP4 protein alone.

lnmaijcrci
Lytic infection with herpes simplex viruses (HSV) types 1 and 2 causes a

well dcaracterised shut off of cellular protein synthesis (reviewed in 1)

wiich is mediated at a nruber of levels including the disagregation of

polysames synthesizing cellular proteins (2,3) and the dra5ation of cellular

RNi species (4,5). Despite this a small numTber of cellula proteins increase

in abundance upon infection (6,7) and in at least one cae this is paralleled
by a transcriptional induction of the corresponding cellular gene (8).

Interestingly, at least bo of these proteins are also cover-expressed in cells

transformed by HSV or other agents (9), a finding of particular inportance in

view of the suggestion that HSV transforms via a hit and run nedianisn in

whidc transient exposure to the virus prduces a permanent effect on the bost

cell (10).
In order to identify other genes and proteins activated by HSV infection and

investigate the hanisn of this effect we have used differential screeni

techiques to isolate cdk clones derived fran cellular genes

transcriptionally induced by infection with HSV (11). Here w rqrt the

identification o ne of these genes as encoding ubiquitin, a heat inducible

76 amini aid polypeptide hich is attached to proteins that are sdb±trates
for proteolytic degradation (12,13). We also sbow that the transcriptional
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irxduction of this gene in HSV infection is mediated by the product of the

viral ICP4 gene.

STERIAS AD HODS
Cells and Viruses

Baby hamster kddney cells (BiK) clone 13 (14) were grown in Eagle's
medium supplemeted with 10% new born calf serun and were infected with HSV-2
strain 333 at a nultiplicity of 5pfu/cell. Fbr infections in the presence of
cyclcheximide (200pg/ml) the drug was added thirty mirutes prior to viral
infection and renmed present until cells were harvested. Fbr infections in
the presence of acyclovir, the drug was added at the tine of infection and
remained present until cells were harvested. In both cases nsoc infected
cells were similarly treated witbout addition of virus. Infection with the
HSV-1 deletion sutant d11403 (15) was carried aot exactly as fbr wild type
virus. Infecticns with the terLperature sensitive nutants of HSV-1, tsK (16)
and tsY46 (17) were carried out at the nrx-permissive temperature (38.50C ard
390C respectively), sock infected cells being maintained at similar
terperatures. In all cases cells were harvested seven bours after infection.
LTh and Z4 cells were grown as described by Perssam et al (18).
Northern Blotting

Northem blotting was carried out as previously described (11) using RNA
samples equalised both by hybridisation with 3H poly U as previously described
(19) and by prior hybridisaticn with a cDNA clone derived fran an nR whose
level does not change upon infection with HSV-2 (11). Blots were hybridizd
with a cdNJ clane derived fram the human UbB gene (pRBL26- reference 20).
This clmne was also used in the ruclear n-off assays which were carried cut
as previously described (11).
Innunfluorescence

Internal staining was carried out as described by La Thangue et al (6)
using snoclonal antibody D83 to ubiquitin (a kind gift of Dan Finley and
Alexander Varshavsky) as the first layer ard rhodamine-conjugated goat
anti-souse smrnmoglobulin as the second layer.
Plaque scr

Stocks of recmbinant phage in the vector X gtlO were spotted onto a lawn
of growing E.coli and hybridized as previously described (11).

RESULTS
We have previously reported (11) the use of differential screening

tecniques to isolate di clones derived fran cellular nft&s up-regulated
upon HSV-2 infection of RHK cells. In view of the accumulation of heat

shock proteins which oocurs during HSV infection of such cells (6,21) we

hybridized these clcnes with DNA prcbes derived from several heat-inducible
genes. In this experiment (figure 1) two clones soed strong reactivity with
a probe derived frat a human ubiquitin gene (UbB:- 20). Northen blotting
with this probe confinsed that an ircrease in abundance of ubiquitin RM
occurs in HSV-2 infection (figure 2a and b, tracks I and 2), a transcript of
1.7kb i as approximately five fold in ab whilst transcripts of
3.2 kb and 650 bases were unaffected or marginally decreased. The sizes of
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Figure 1. Hybridization of plaques derived fran up-reulated cd clones
(1-6) with the ubiquitin dcNA clcne pF3126.

these transcripts, obtained by canpariso with the nobilities of the ribosanal
RNAs and of the human ubiquitin RRks whose sizes are well dcaracterised
(22,23), agree well with those previously reported for the three ubiquitin RA

species detected in rat cells (23).
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Figure 2. Northern blot of niM samples with the ubiquitin cDNA clone
pRBL26. Tracks 1, 3 and 5 mock infected BRK cells tracks 2, 4 and 6. EHK
cells infected with HSV-2. Sagrples in tracks 3 and 4 were prepared fran cells
nock infected or infected in the presence of cycldleximide (200pg/nl), tbse
in tracks 5 and 6 fran cells nmok irnfected or infected in the presence of
acyclavir (200uM). Panels a and b represent different exposures of the san
blot, that in a beirg exposed fxr 6 hours ihilst that in b uas exposed for 40
hours. Arrows indicate the positions of ribosanal TM markers.
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a

Figure 3.- Immufluo)resence with antibody D1)83 Panels a and b, internal
anof m-ockinfected (a) and infected cells (b).

A considrbygreater accumulaticn of ubiquitin PM was observed during
infections carried cut in the presence of the drug acyclovrir (figure 2a.tracks
5 and 6) whichl allows synthesis of the viral inTuediate-,early and early
proteins to occur but inhibits viral DNA, replication and hence the replication
deedntacl of the viral late proteins and subsequet cell lysis

(24). Thus the ccrumulation of ubiquitin Ra does not require such

repli-cain and indeed the accumulation observable in normal infections

,,ears to be limited by everents occuring durIwM or sL~eunt to such

replication,, preSLznably progressaive cytolysis and cell death. In cnt*xast no
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Table 1.
Result of nuclear run-off assays with infected and nck-infected cells.

Mock Infected HSV-2 infected

Ubiquitin 20 75
clone 95 65 35

clone 123 120 94
Figures are caonts per nxute birding to 5pg of the indicated clone in
hybridizations with RIA synthesized ty the various nuclei under run-off
conditions. Figures are the average of tw determinations, the
backgrond cbtained with pLasmid vector (approxinately l0cpn) has been
substracted in eadc case. Clones 95 and 123 contain inserts derived fran
niR species where levels do rnt dhange in infection with HSV-2 (11).

accmilation of ubiquitin RIA ws bserved when cells infected in the presence
of cycloheximide to prevent viral protein synthesis were carpared to similarly
treated mck-infected cells, indicating that at least ane viral protein must

be synthsised in the infected cell for this effect to occur (figure 2a, tracks

3 and 4). Interestingly, the levels of ubiquitin RgA wre generally reduced

in cells treated with cycldoeximide, with or without added virus, (canpare
figure 2a tracks 1 and 3) suggesting that cycldceximide itself nay have a

repressive effect on ubiquitin gene expression.
In view of the fact that increased accumulation of the ubiquitin protein,

itself has not previously been reported in virally infected cells, we used

indirect iom ofltaresence with a nDnoclonal antibody to this protein to

investigate whether the increased ubiquitin R level in HSV-2 infected cells

resulted in increased protein acamulation. In these experiments (figure 3)
suh increasd ubiquitin levels wre readily detectable in the infected

cells. Similar results were obtained when cells were infected in the presence

Table 2. Results of nuclear run-off assays with nutants in viral immediate-
early genes.

Temrature 370C 37°C 38.50C 38.50C 39Cc 39°C
Infection Mock d11403 Mock tsK Mock tsY46

IE

affected - ICPO - ICP4 - ICP27
Ubiquitin 25 75 34 20 45 92

95 85 58 92 54 91 51

123 110 74 145 71 115 83

Figures are caimts per inute binding to the indicated clone in
hybridisations with FM synthesized ty the various nuclei and were obtained
as described in the legend to Table 1.
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Table 3 Results of nuclear-run off assays

LTA Z4 cells

Ubiquitin 25 83

95 74 70

123 112 114

Figures are xcnts per msiute binding to the indicated clone in
hybridisatim with RM synthesised by the various nuclei and were obtained
as described in the legend to Table 1.

of acyclovir (not shown). The increased staining in infected cells was

specific to the anti-ubiquitin antibody, no such increase being observed with

antibodies to other cellular proteins.
To investigate further the processes nediatirg the observed accumulation

of ubiquitin RM4 and protein we used nuclear run-off assays to capare the

rate of transcription of the ubiquitin gene(s) in infected and nmck infected
cells. In these experients (table 1) a clear increase in transcription was

detectable in the infected cells whilst the transcription rate of genes

encoding R species whose level does not change upon infection (11) was

reduced, a phenamenon we have discussed in nre detail elsewhere (Kep and

Latchman submitted). A similar increase in transcription was detectable in
cells infected in the presence of acyclovir but not in those infected in

the presence of cycloheximide (not shown). Thus the observed increases in

ubiquitin R and protein levels, are mediated at least in part by
transcriptional induction of the corresponding gene(s) which is dependent upon

the synthesis of viral protein(s) in the infected cell.
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Figure 4. Nuclear rn-off assay using ruclei preared fran Z4 (A) and LTA
(B) cells. 1 and 2, 5pg J! fran control clones (95 and 123 respectively)
derived fran nR species khose level does not change upon HSV infection. 3
and 4, lpg and 5pg DEQ respectively of the ubiquiti-n DN& clone pRBL26.
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The obvious cardidates for nediating such induction, are the three viral

imiediate-early proteins, ICPO, ICP4 and ICP27, whidi have been shown to have

trans-activating ability in co-transfection experiments (25) and at least wo

of which (ICP4 and ICP27) are indispensable for activaticn of the early and

late stages of viral gene expression during lytic infection (16,17). We

therefore carried out infections with viral strains carrying nutations in each

of the genes encoding these proteins and studied the effect on the

transcripticn of the ubiquitin gene(s). In these experiments (table 2)

up-regulation of ubiquitin transcription ws not observed during infections

with the HSV-1 irutant tsK which carries a nutation in the gene encoding ICP4

(16) whilst such induction was observed with the other rnutants. A similar
failure to induce increased transcription of the ubiquitin gene was also

observed with another mutant in the HSV-1 ICP4 gene, tsLB2 (26) (not shown).

These findings indicate that induction of the ubiquitin genes is dependent

upon a fmnctional ICP4 protein. This protein is also required, however, for

the induction of the viral early genes which does not occur in infections with

tsK or tsLB2. Hence this experiment does not allo an assessnent of whether

the effect of ICP4 cn the ubiquitin genes is a direct cne or is mediated
indirectly via activation of a viral early gene. In order to investigate this
effect further, we made use of the cell line Z4 into which a lkb fragment of

HSV-1 14 containing the camplete ICP4 gene has been stably introduced (18)
and which expresses high levels of the ICP4 gene product. This DN fragment
does not contain the coeplete transcription unit of any other gene, although

it does contain the coding sequence of the im iate-early protein ICP47. The

small arrut of this protein mnde in these cells is unlikely to affect cur

results in that a viral strain in which this gene has been ccpletely deleted

(27) sIos no difference fran the wild type in the induction of the ubiquitin

gene (not shwn).In experimnts caiparing the levels of ubiquitin gene

transcripticn in Z4 cells with that in its untransfected parent (LTA)
increased transcription ws detectable in the stably transfoimed cell (table
3 and Figure 4) inicating that the induction of the ubiquitin gene is
dependent upon the ICP4 protein itself and can occur in the absence of other
viral gene productsthe first time such an effect has been described for an

HSV gene product and a cellular gene.

DISCIJSSICN
Lytic infection with HSV results in the activation of a small nuniber of

cellular genes (8,11). Altbough a minority of these genes can be activated
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prior to viral protein synthesis (28), the majority are dependent upon such

synthesis for their activation (8,28). Here we show that in at least one

case, that of the ubiquitin gene, such a requirement for the synthesis of

viral proteins can be fulfilled by the product of the viral ICP4 gene alone.

The ability of the ICP4 protein to trans-activate the ubiquitin gene

parallels its essential role in the activation of the viral early genes

(18,29) and its ability to trans-activate these genes in co-transfection

experiments (30,31). The ability of this viral protein to activate both

viral and sare cellular genes is paralleled in other DNA tumur viruses such

as SV40 and adenovirus where the proteins whose trans-activating ability is

of major iqportance for the viral lytic cycle also induce a small nunrber of

cellular genes (32,33,34). Such a prcperty may thus be a general and

iTxortant cne of the first proteins synthesized in cells during lytic and

abortive infections with the DNA tuixr viruses. Indeed it has been

suggested that the ability to induce cellular gene expression may be involved

in the ability of these viruses to transBrm cells vhich are non-permissive
for lytic infection (35).

In the case of HSV, ar*.her inediate-early protein, the ICPO protein
can also activate viral and cellular prcnoters in co-transfection experiments
(25,30,36) and in concert with ICP4 has been shxwn to induce integrated
cellular prtcters recently introduced into cultured cells by transfection,

although the endogencus gene within its normal chranatin structure is not

affected (37). In our experiments however, no effect on the induction of the

ubiquitin gene was observed when a strain carrying a deletion in the ICPO

gene (15) was crpered to wild type virus. In this regard it is of interest

that, tike ICP4, functional ICPo does not appear to be indispensable for

lytic infection. Thus, althogh nutants lacking the gene encoding this

protein gro poorly, especially at low multiplicities of infection, they are

c le of expressing the viral early and late genes and of a canplete lytic

cycle (15, 38). It sees likely therefore that despite its trans-activating

ability in co-tramsfection experiments this protein does not play an essential

role in the activation of viral and cellular genes in lytic infection and that

its prinary role my lie else,here perhaps in the regulation of latent

infecticns (36).
In contrast functional ICP4 protein is essential fbr the induction both

of the viral early genes and of that encoding ubiquitin. In our experiments
the up-regulation of the uiquitin gene in Z4 cells producing ICP4 was

specific to this gene, other cellular genes having the sane transcription rate
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in these cells as in the untransfected parent (LTA). Similarly, of the three

ubiquitin RA species, which in humans are derived fran different genes

(20,22), only one ws dramatically induced during infection (fig. 2). Such

findings suggest that carun sequences mediating ICP4-dependent inducticn nay

exist in the viral early gene praioters ard that of one namtber of the

ubiquitin gene family. The lack of available sequence information for the

rodent ubiquitin genes prevents an assessmnt of whether this is the case.

Haoever, no such virus specific DEN sequence regulatory elent has been

detected in the viral early pranoters (39,40) and the mechanism by which ICP4

induces viral and a few cellular genes remains obscure.

Altbough up-regulation of the ubiquitin gene during viral infection has
not previously been noted, it is known to be induced in heat shok (13). This

induction has been suggested to be due to an acamulation of heat denatured

proteins in the stressed cell (41), such proteins becaning conjugated to

ubiquitin and hence being marked for degredation by the ubiquitin-dependent
degradation system (12). It is probable that the induction of ubiquitin in
HSV infection represents a similar attempt by the cell to deal with the

presence of abnormal viral proteins, although such induction is mediated via
ICP4 dependent induction of the ubiquitin gene and does not occur for example
in response to the entry of the HSV alone. Such a possibility is supported by
the finding that HSV infection does not induce acaumulation of the 650 bp
ubiquitin n8ZN species which has been shown in both human and rat to encode a

nuclear form of ubiquitin that is stably conjugated to histone H2A and is not

involved in proteolytic degradation (23,42). It is likely therefore that the

induction of ubiquitin in HSV infection represents one aspect of a co-ordinate
induction of cellular &grtive patbways which also results in the

accumulaticr of a protein hamlogous to the L<n protease of E.coli, a protein
which is involved in the dgadation of abnormal or denatured proteins
(43,44,45). Although in cultured cells, such attexpts to inhibit the prors
of the viral lytic cycle are usually unsuccessful, it is possible that during
infection of sane cell types in vivo, they may cause the lytic cycle to be
abrted, resulting in either latent infection (46) or possibly cellular
transfonmticn (47) by HSV. We are currtly investigating the expression of
the ubiquitin gene in cell types latently infected or transformed by HSV in
order to explore this possibility further.
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