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A srelll mnber of cellular rxoteins accumulate to high levels in cells
infected with Herpes Simplex Virus (HSV) despite a generalised repression
of rost bost cell bio-synthesis. An antibody to one such protein has been
used to screen a laxrbda gtll library and for polyscme imnunoprecipitation
in order to isolate dc clcnes derived fran the correspording gene. The
cDN clones have been used in dot blot and nuclear run-off assays to show
that HSV, like other DN& tumour viruses can transcriptionally irduce a
cellular gene. The nechanian of this effect whidc is dependent on viral
protein synthesis and its possible significance in transfimnation by HSV
are discussed.

The lytic infective cycle of DNN viruses such as the papovaviruses

(SV40 and polyana), the adenoviruses and the herpesviruses involves the

sequential transcriptional activation of different groups of viral genes(l)
such activation is mediated by viral proteins, made during the rinediate

early pbase of infection, uhich induce the expression of other viral

genes(2,3,4). In the case of both SV40 and adenovirus, these activators
have also been slown to induce elevated transcription of specific cellular

genes in nonnal infection (5,6). This effect of viruses as diverse as SV40

and adenovirus suggests that it nay be of general importance in viral

infecticn and it has been suggested that it is implicated in the

transfiDnning ability of these viruses(7).
If this is the case, such activaticn of specific cellular genes sbould

also be derostrable in infection with other DNA tumrur viruses such as

Herpes Simplex Virus, where the majority of cellular gene expressicn is

strongly repressed by a variety of nechanisms including in at least one

case, repression of transcription (8).

The transcriptional activator proteins of Herpes Simplex Virus Vmw 175 and

VWw 110 have been sbown to induce the rabbit 13 globin gene in
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co-tranfection experiments (9) and in cell lines into which a t3 globin

gen has been artificially introduced. However the erogenous -globin
gene is not activated in these experiments (10) indeed, no cellular gene in

its normal envirorent has yet been sbown to be transcriptionally activated
by HEV infection. The induction daxnstrated to date is thus non-specific
actirq on prarters in a particular configuration an] failirn to activate
the sie praxoter within native ctranatin. This non-specific activation is

analogous to that mediated by the adenovirus ElA protein (11,12), which in

addition activates specific cellular genes in normal infection (5), hence

raisirq the possibility that such specific activation of a cellular gene
could ocacr also in HSV infection.

A primary candidate for such an induced cellular gene is that encoding
the protein renised by onoclonal antibody TI56 which is a cellular

protein present at low levels in all nol cells studied but which
accmulates to high levels in cells infected with HSV (13). Here we report
the isolation of cDA clones derived fran the gene encodirg this protein
(which we refer to as the TI56 gene and the TI56 protein respectively) and

their use to decnstrate that the virus does transcriptionally activate

this cellular gene.

f[S r -6
CeJlsa

Baby Hmnster Kidney cells (BHK) clone 13 (14) were grown in Eagle's
medium with 10% new born calf senrn and infected with HSV-2 strain 333 at a

multiplicity of 20 pfu/cell. Mhen infections were carried out in the

presence of cycldceximide (50 pg/ml), the drug was applied at the time of
virus infection and remaimd present until cells were harvested. Eor MA,
cells were harvested sixteen bours after infection. Fo preparation of

nuclei, cells were harvested four Iours after infection before the orset of
anycytothic effect and icreased nuclear fragility. Hybridama T156 was

grown in RPMI medium (13), with 10% foetal calf serum, culture supernatant
was used in all experiments.

The X gt 11 cENi library %as screened usirn culture supernatant fran

hybridcna TI56 as the first layer and peroxidase - conjugated rabbit
anti-suse inog ulin as the seccd layer (15).

P ym Dumn Edptatcn
Preparation of polysanes an] inanprecipiation were carried aot
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according to the metbod of Schneider et al(16) except that nascent

polysanes synthesising the TI56 protein were purified on an inmnadsorbent

colum of antiboy T56 coupled to activated seharose.
Plae Hybzidizatin

Plaques isolated by antibody screenirn or polysane im.ncprecipitation
were tested fr hanology to TI56/17 by spottirg out on a lami of bacteria.

After lysis had occurred ID in the plaques uss transferred to

nitrocellulose by the netbod of Benton and Davis (17) and hybridized with
oligo-nucleotide labelled insert (18) fran clone TI56/17.
MR Tsolati

RNA vas isolated fran mninfected and infected cells by the NP40 lysis
netbod (19) and after chracatography on olig dT cellulose (20) was dot
blotted as previously described (21).
Ihler RmffA

Nuclei prepared fran minfected and infected cells were allwed to

continue RPM synthesis in the presence of 32p labelled GP under the

ccnditions described by Greenberg ard Ziff (22). After purification of
labelled RN it was used to probe replicate dot blots of various plasmid
DNA sauples. After hybridisation ard washig irxnividual 'dots' were cut

out arnd counted.

Iotif EN clcxs fram uninfected cells
In order to isolate cd1 clones derived fran the gene encodirg the

TI56 protein we used the antibody to screen a cDN library derived fran
human T-cell nR, in the bactericphege vector ) gt 11. In this vector,

cD are inserted into the phage 13-galactosidase gene ard hence a

prcportion will be expressed as fusion proteins with 13 galactosidase.
Screening of tw milicn plaques fran this library with the TI56 antibody
resulted in the detection of thirty to positive plaques showing
reactivity. Because the phage were plated at too high a density to allow

individual plaques to be picked, the areas of the plate containing positive
placpes were picked ard subjected to secsru]aryscnir. Sch secordary
screenirr wEs carried out in two wsys. As a preliminary, the picked
plaqes were spotted in a regular array on a lawn of growirg E. coli and
after lysis had occurred, screened with the antibody (Fig 1). This
preliminary screen confinned that nineteen of the thirty tw picked regicns
did indeed contain inr.noreactive plaques, and these were then plated out
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,Fi9Ire 1
'Spot plaque' screenirg of pritary positive regions with antibody TI 56.
Thirty two positive regions fran the primary screen were spotted and
probed with antibody. Many of the spots show positive plaques, those
obtained with clone 17 (used in subsequent analysis) are indicated br
the arrow.

individually at low density in order to isolate then as single, clonally
pure phage, reactive with the antibody (Fig 2).
If such phage do indeed contain inserts derived fran the gene encoding the

TI56 protein they sbould produce a t3-galactosidase fusion protein larger
than the native protein and reactive with the antibody. Tb test this
prediction IPrG was used to induce the lac cperon in bacteria lysogenic fDr
these phage. One such lysogen derived fran clone TI56/17 produces an

inducible -galactosidase fusion protein uhich is aproxcimately 35 kd

larger than the native form (Fig 3, tracks 9-12). This protein, unlike
native 1-lgalactosidase is reactive with the TI56 antibody (Tracks 3 - 6).
Hence the phage isolate by this means oontains a cDN insert capable of
encoding protein reactive with the TI56 antibody.

T1o test whether the clones isolated by this metbod were all derived
fran a single gene encoding the TI56 protein in uninfected cells,
purified the insert fran clone TI56/17 by digesticn with EcoRI and
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IT density screening of plaques derived fram prinary positive region
17. A nunber of the plaques sbow a positive reaction.

electrcoresis on low melting point agarose. The insert (which is

approximately 600 base pairs in length) ues labelled by oligonucleotide
priming and used to screen all nineteen antibody positive phage. This

experiment revealed strong hamology of the insert to all the other antibody

positive plaques (data not sbown) irdicating that all the DN clones are

derived fraLn a sirgle gene encodirg the TI56 protein synthesised in

uninfected cells.

I iatcn of a£ clcms frn ifected cel

In order to confinn that this gene is the same as that producirg the

high levels of protein accunulating in virally infected cells we used

polysane inumcprecipitation to clone the gene fran such cells. Bolysanes
prepared fraL Baby Hamster Kidney (E1K) cells (14) infected with Herpes

Simplex Virus (HSV) Type-2 were passed down a sepharcse CL4B column to

which antibody TI56 had been bound. Both the fraction binding to the

column and that passing throgh were then subjected to dwranatography on
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Figure 3
Western blots of lysogen samples rmu on a 5% polyacrylamide gel. The gel
s divided along the marker track (M) and ixobed with either TI 56
antibody (Tracks 1 - 6) or anti-t-galactosidase antibody (tracks 7 - 12).
Key:- Track 1 and 7 E. coli strain Y1089, Tracks 2 and 8 as 1 and 7 but
induced with IPrG Tracks 3 and 9 E. coli strain Y1089, lysogenic fbr
clone TI56/17, Tracks 4 and 10 as 3 and 9 but induced with IPIIG, Tracks 5
and 11 E. coli strain Y1089 lysogenic for gtll, Tracks 6 and 12, as 5
and 11 but induced with IP'G. Track M - pre-stained molecular weight
mrkers (BRL) of size 200 kd and 90 kd.

oligo dT cellulose in order to isolate fractions of polyA+ I@ respectively
enriched and depleted in the nesserner RS for the TI56 protein. labelled
c s n prepared fran both fractions and used to differentially
screen a ciM library pxepared fran HSV-2 infected BHK cells (Kep et al,
submitted). Four clones reactirn strorgly with the fraction enridhed for
the TI56 m3i and rnt at all with the depleted fraction wre isolated (rxot
s1hwn). Such clones,, derived fran the gene encodirg the TI56 protein in
infected cells showd no reaction with HSV-2 E1, eliminati the

possibility that the accunulatimn of immreacti prtein in infe

cells 8s due to croes-reactivity of the antibody with a viral protein.
Moreover, the clones reacted strongly with labelled insert purified fran

clone TI56/17 which hbd been isolated fran rw-infected cells (Fig 4)
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Figr 4
Screenirg of plaques, isolated by polysare imnmurpreciptation, for
hanology to clone TI56/17.
Key:- 1,2,3 and 6:- polysane clones 1-4; 4:- clone TI 56/17; 5: mrelated
cD[A clone (hsp90) as control.

idicatind that the sane or very closely related cellular genes encode the
low level of protein in nonral cells and the high level accumulating in
virally infected cells.

JM IKKgRm to the T156 d c1 acwmiates cn i.fect
The availability of da clones derived fran this gene pennits the

assessment of - the level at whidc the virus induces accwmulation of the

protein. To this end we isolated nesserger RM fran HSV-2 infected EIK
cells and parallel cultures hidch had been mock-infected witbxut virus.
The two RN samples wre quantitated both by poly U assay (23) and by
hybridisaticn with a pobe (Clone 123) hamologous to a high abundarne RA
species uhose level is undcarged upon HSV-2 infection (Kemp et al,
subnitted). Equal antunts of RN were then spotted onto nitrocellulose and

probed with the insert fran clone TI56/17. The clcne detected a l1 level
of RI in the uninfected sample iuidh was greatly increased upo infection

(Fig 5). Such behaviour which exactly perallels that of the TI 56 protein
is in contrast to that of a numrber of cellular RI species uhidc are

repressed upon infection (24,25).
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Figure 5
Dot blot hybridisation of RtM prepared fran mock-infected (A) or infected
(B) BHK cells. Panel- 1 was probed with clone TI 56/17, panel 2 with
cloe 123.

The T3156 is rrw -qim yinrikie by B ieccr

The firidirKg that the TI56 INA accumulates upon infection eliminates

mechanismw such as selective translation or stabilisation of the TI 56

protein by association with virus protein as explanat-ions of theinrae

protein accmnulation in infected cells. However, as well as increased

transcription, a variety of other ncianian'ss such as iznprovred processing3 or

stability of the rea could mdaethe increase in RISW level.. In order to

test whether the TI56 gene was indeed transcriptionally induced upon
infection we performed nuclear run-off assays using nuclei prepared fran

parallel samples of HSV-2 infected ard no)ck infected quiescent EHK cells.

The labelled products of such assays were then used to probe filters onto

which various rtk samples had beenspte and af-ter %ashirig irdividual

spots were counted. Thie count obtaiLned in this way is a measure of the
rate of transcription of the particular gene in muclei fram which the
sample is derived. The results of such assays (Table 1) irdicated that
altbough the level of TI56 gene transcription in quiescent uninfected cells
was too 1ow to be detected by this technique, such transcription was

readily detected in infected cell samples iriic ngx that the TI56 geme is
transcribed at an increased level af-ter infection. Such iresd
transcription was in contrast to the apparently decreased level of

transcription observed for the control clone whose MR level renains the
same on HSV-2 infection. This may be due to a real decrease in the level
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lIlX I

Results fran nuclear run-off assays.

Figures are counts per minute bindirg to the indicated clone in
hybridisation with RNk synthesised by the various nuclei under 'run-off'
conditions. Figures are the average of three separate determinations,
the background cbtained with the plasnid vector pUC13 (approximately
10 cpn) has been subtracted in eadc case.

of transcription of this gene which is not inuediately reflected in the

level of its (presunably stable) RNA or may simply reflect a decreased

efficiency of the nuclear nm-off assay itself in infected nuclei. In the

latter case, the increase in TI56 transcription may actually be greater

than that which we have observed.

In order to determine the medianian by which transcription of the TI56

gene is induced by the virus we carried out viral infections in the

presence of cyclcheximide which will prevent the synthesis of viral

proteins. Nuclei were isolated fran cultures infected or nr)ck infected in

the prescence of cycloheximide and used in nuclear run-off assays as

before. TIder these conditions no induction of TI56 transcription could be

detected (Table 1) although transcription fran the control clone WEs

observed as before. Hence the transcriptional induction cf the TI56 gene

during viral infecticn requires the synthesis of viral protein(s). Sudc a

requirement exactly parallels that previously cabserved ibr the TI56

protein wich is not induced under inediate early conditions

(cycloheximide/actinanycin D reversal - NLT unpublished data).

DI5I(N

By isolatirn dM clones fran a cellular protein up-regulated by HSV

infection we have sbon that the gene encoding this protein is
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BBK cells MK cells treated with infected in

cyclcheximide the pres-
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Clone cyclchexi-
rmide.

TI 56/17 0 52 0 0
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transcriptionally induced by HSV and that viral protein must be synthesised

in the infected cell for this effect to occur. This finding parallels

previous findings with a wide range of other DN viruses such as SV40(6)

and adenovirus (5) in wich this effect has been deronstrated. This

suggests that the specific activation of particular cellular genes is a

caanr effect of all D[A viruses wether like SV40 they generally stimulate

cellular metabolian (1) or, like HSV, produce a very strong reression of

host cell functions (25).
In the case of HSV the nectanian by %hich the activation of a few

genes occurs against a background of generalised repression is unclear.

The viral inuediate early proteins Vmw 175 and Vnw 110 are capable, like

the adenovirus E1A product, of non-specifically activating cellular genes

such as 3-glcbin in co-transfection experiments(9) or where such genes have

been artificially introduced into cells (10). The non-activaticn of the

endogenous t-globin genes in such experinents suggests that an pen
chmraatin structure may be important in this non-specific activation.

Thus the cellular genes activated in nonral infection might be tiose with

accesible pranoters (10). This idea is in agreement with the observation

that that the heat sbock genes whose protein products accumlate in

infections with both mutant (26) and wild-type (LaThangue and latdmnn,

sumnitted) HSV have cpen prawoters in nornal cells (27). Hence,

non-specific activation of pracmters in a particular chranatin structure

could give the observed specificity of induction. Hmbever, the observation

that viral hiediate-early protein W175 can stimulate viral early gene

praters uhilst repressirg its own prcater (28) suggest that this protein
at least, does possess a measure of sequewe specificity for particular
pra*ters. Such sequence specificity could clearly produce specific
activation of cellular genes havirg sequence haivlogy to viral praroters.

Whatever the nature of HSV induced gene activation, a consideration of

the nature of the genes which are induced suggests that this effect is of
functional significance in the infected cell. Thus the fact that the TI56

protein is also induced by heat sbock (13) suggests that its induction in
viral infection is part of a generalised stress response vkich also

produces accumulaticn of the heat sbock proteins hsp7o (26) and hsp90 (La
Thangue and Latchman, sumnitted). The most cbvious explanation fbr this

induction of stress proteins is that they represent an attempt by the host
cell to defend itself against viral infection. Hoever, the possibility
renains that the virus may induce cellular functions whidc play sane role
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in the lytic cycle such as nvdiating the repression of cellular

biosynthesis also seen in heat sbock (29).

These considerations suggest that the transcriptional irduction of

bost cell proteins is likely to be of inportance in viral-cellular
interactions occurirg in viral infection which, in the case of HSV can

result in lytic or latent infections or in transformation (30). Indeed the

observation that a wide variety of DM viruses with the potential for

cellular transformation can induce cellular genes has led to the suggestion
that at least the inrortalisation step of such transformation takes place
via the activation of cellular genes involved in growth acntrol (7). The

activation of the TI56 gene ty HSV is particularly relevant in this regard
in that the protein encoded by this gene is synthesised in a growth
regulated nnner being over-expressed in exponential anpared to confluent

cells (13).
Such a finding is also of particular iportance in that the nechanism

ry which HSV can transform cells is unclear. Thus although the virus is

involved in the initiation of transfionation the observation that no viral
DM need be retained in the transformed cell line (31) has led to the

suggestion that the virus transfonms via a hit and run nechaniam in which
transient exposure to the virus produces a pernnnent effect on the host

cell (32). Our previous cbservations that cells tranformed by 1SV contain

elevated levels of proteins induced during normal infection (32, LaThaneue
and Latchman, submitted) when taken together with cur current demnstration
that like other transfomnirg viruses HSV can transcriptionally induce
cellular genes, suggests a nechanism by which such transfonnation could

occur.

The considerations discussed abve suggest that a study of the nature

of the viral proteins mediatirg cellular gene induction and the role the

products of these genes play in virally-infected and transformed cells

wuld prove fruitful. We are currently usirxg the clones derived fran the

TI56 gene which we have isolated in order to carry out such a study.
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