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THE STRONG ENHANCER ELEMENT IN THE IMMEDIATE 
EARLY REGION OF THE HUMAN CYTOMEGALOVIRUS 

GENOME1 

Michael B o s h a r t 2 , Frank Weber^, Rüdiger Rüger 2, 
Ka r o l i n e Dorsch-Häsler-^, Gerhard Jahn 2, Jay S t o e r k e r 2 , 

Walter Schaffner^, and Bernhard F l e c k e n s t e i n 2 

I n s t i t u t für K l i n i s c h e V i r o l o g i e der Universität Erlangen-
Nürnberg, D-8520 Erlangen; 

^ I n s t i t u t für Mol e k u l a r b i o l o g i e I I der Universität, 
CH-8093 Zürich 

ABSTRACT The human cytomegalovirus (HCMV), a 
member of the herpesvirus group, was found t o 
possess a strong t r a n s c r i p t i o n enhancer i n the 
immediate e a r l y gene region. C o - t r a n s f e c t i o n 
of enhancerless SV40 DNA w i t h randomly fragmen­
ted HCMV DNA y i e l d e d two SV40-like recombinant 
v i r u s e s , each c o n t a i n i n g HCMV DNA fragments t h a t 
were s u b s t i t u t i n g f o r the missing SV40 enhancer. 
The two i n s e r t s , 341 and 262 bp i n l e n g t h , are 
overlapping segments of genuine v i r a l DNA r e ­
presenting p a r t of the 5'f l a n k i n g region of the 
major immedistte e a r l y gene i n HCMV. Studies 
w i t h d e l e t i o n mutants showed t h a t d i f f e r e n t non-
overlapping subsets of the HCMV enhancer region 
can s u b s t i t u t e f o r the 72 bp repeats of SV40. 
Transient expression assays i n d i c a t e d t h a t the 
HCMV enhancer i s s i g n i f i c a n t l y stronger than the 
SV40 element, a c t i v a t i n g c i s - l i n k e d heterologous 
promoters i n a wide spectrum of c u l t u r e d c e l l s . 
I t appears t h a t the HCMV enhancer i s p o s i t i v e l y 
r e g u l a t e d by v i r a l immediate e a r l y genes. 

This work was supported by Deutsche Forschungsgemeinschaft, 
Schwerpunkt V i r u s p e r s i s t e n z , the Swiss Nat i o n a l Research 
Foundation, and the Kanton Zürich. 
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INTRODUCTION 

Human cytomegalovirus (HCMV), one of the four herpes­
vi r u s e s of man, i s a pathogenic agent of widespread occur­
rence. The v i r u s has c l i n i c a l importance i n p r e n a t a l i n ­
f e c t i o n s , and i t causes severe pneumonitis and septicemia 
i n immunocompromised p a t i e n t s . The genome of HCMV i s a 
l i n e a r double-stranded DNA molecule o f about 235 kbp. The 
v i r i o n DNA co n s i s t s of a long (U ) and a sh o r t (U ) unique 
r e g i o n , each fl a n k e d by a p a i r of i n v e r t e d repeats ( 1 , 2 ) . 
Both regions, U g and U , may be o r i e n t e d i n e i t h e r d i r e c ­
t i o n , r e s u l t i n g i n four isomeric forms of the v i r a l genome 
(3 ) . The v i r a l genes are t r a n s c r i b e d i n three phases. The 
pr o t e i n s of the immediate e a r l y (IE) phase seem t o have r e ­
g u l a t o r y f u n c t i o n s and t o be necessary f o r i n i t i a t i o n of 
the second ( e a r l y ) phase o f t r a n s c r i p t i o n . This phase i s 
follo w e d by DNA r e p l i c a t i o n and synthesis of l a t e gene pro­
ducts. Four IE genes are l o c a l i z e d i n the H i n d l l l E-frag-
ment of the HCMV s t r a i n AD169 ( 4 ) . A polyadenylated 1.9 kb-
t r a n s c r i p t enconding a 72 Kd phophoprotein represents the 
most abundant IE RNA of HCMV ( 5 ) . T r a n s c r i p t i o n of t h i s 
gene i s blocked during the l a t e r phases of v i r u s r e p l i c a ­
t i o n . The s t r e g t h of the major IE gene promoter seemed us 
t o p o i n t t o a pos s i b l e r o l e o f an enhancer-like element i n 
the c o n t r o l of t h i s t r a n s c r i p t i o n u n i t . 

A number of heterologous enhancers can s u b s t i t u t e f o r 
the enhancer of SV40 or Polyomavirus, r e s u l t i n g i n v i r a l 
DNA r e p l i c a t i o n and Τ antigen expression (6, 7, 8, 9, 10). 
This allowed t o d e t e c t enhancer elements i n large genomes 
by an "enhancer t r a p " assay, i f s h o r t randomly fragmented 
heterologous DNA was cotr a n s f e c t e d w i t h l i n e a r i z e d SV40 DNA 
la c k i n g i t s own enhancer. I n c o r p o r a t i o n of f o r e i g n DNA w i t h 
enhancer f u n c t i o n l e d t o l y t i c a l l y growing SV40-type recom­
binants (11). Applying t h i s method, we i d e n t i f i e d an en­
hancer sequence i n the IE region of HCMV which i s unusual 
i n s t r e g t h and f u n c t i o n a l o r g a n i s a t i o n . 

RESULTS 

1. I d e n t i f i c a t i o n of HCMV sequences w i t h enhancer a c t i v i t y 

The enhancerless l i n e a r SV40 genome l a c k i n g the e n t i r e 
72 bp repeat r e g i o n was excised from the vector sequence 
of plasmid pET-1 (11). 
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FIGURE 1. The 235 kbp genome of human cytomegalovirus s t r a i n AD169. The i n v e r t e d 
repeats f l a n k i n g the long (U L) and the short (U s) unique region o f the genome are boxed. 
H i n d i I I cleavage s i t e s are i n d i c a t e d by v e r t i c a l l i n e s . The H i n d i I I Ε-fragment spanning 
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the P s t I m-fragment, and the EcoRI s i t e s w i t h i n the IE region are i n d i c a t e d . The o r i e n ­
t a t i o n s of the major IE t r a n s c r i p t s are i n d i c a t e d by arrows. The f i r s t i n t r o n i n the 
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Cotransfections o f t h i s enhancer t r a p w i t h randomly 
sheared (- 300 bp) DNA fragments of HCMV s t r a i n AD169 
showed, t h a t sequences from the promoter region of the do­
minant 1.9 kb-IE mRNA can r e s t o r e SV40 growth (Fig. 1 ). 
Two r e p l i c a t i o n competent SV40-HCMV recombinants, designa­
ted C2 and C4, were i s o l a t e d and analyzed by DNA sequen­
ci n g . The sizes of the i n t e g r a t e d HCMV segments are 341 
and 262 bp i n recombinant C2 and C4, r e s p e c t i v e l y . These 
sequences overlap by 196 bp. Both regions are i d e n t i c a l 
w i t h the genomic HCMV v i r i o n sequence. Concluding from 
s t r u c t u r a l s i m i l a r i t i e s between HCMV s t r a i n AD169 and 
Towne (12), the i n s e r t e d sequence of C2 was found t o be 
located between -118 and -458 upstream of the cap s i t e f o r 
the dominant 1.9 kb IE mRNA, and the segment contained i n 
recombinant C4 represented nucleotides -263 t o -524. Four 
repeated elements of 17 bp, 18 bp, 19 bp, and 21 bp length 
are found w i t h i n the HCMV-enhancer region. The repeats are 
imperfect i n p a r t and are separated from each other by non-
r e p e t i t i v e DNA (Fig . 2 ) . The 18 bp sequence i s repeated 
four times and shows an 11 bp homology w i t h a core con­
sensus sequence i n the 72 bp repeats of SV40 (13). The 
19 bp-sequence (repeated f i v e times) froms p e r f e c t p a l i n -
droms. The 21 bp repeats contain the hexanucleotide CCGCCC 
or the r e l a t e d m o t i f CCCGCC reminiscent of the 21 bp r e ­
peats i n the e a r l y SV40 promoter and of herpes simplex 
v i r u s immediate e a r l y and e a r l y upstream regions (14, 15, 
16). The recombinant v i r u s e s grew about as w e l l as w i l d 
type SV40 on CVl c e l l s . T-antigen expression a f t e r t r a n s -
f e c t i o n i n t o various c e l l s such as Hela, human f i b r o ­
b l a s t s , human hepatoma c e l l s , mouse f i b r o b l a s t s and f r o g 
kidney c e l l s i m p l i c a t e d a broad host range a t l e a s t as 
wide as i t i s c h a r a c t e r i s t i c f o r the SV40 enhancer. 

2. S t i m u l a t i o n of t r a n s c r i p t i o n of a c i s - l i n k e d hetero­
logous gene 

HCMV enhancer sequences were excised from both r e ­
combinant viruses and were i n s e r t e d i n e i t h e r o r i e n t a t i o n 
downstream of a cloned r a b b i t ß-globin gene. I n p a r a l l e l 
the P s t I m-fragment of HCMV genomic DNA (Fig . 1) was 
cloned downstream of the ß-globin-DNA. Enhancement of 
ß-globin t r a n s c r i p t i o n was q u a n t i t a t e d by SI nuclease 
analysis of cytoplasmic RNA a f t e r t r a n s i e n t expression i n 
Hela c e l l s . The HCMV sequences from the recombinents C2 
and C4 enhanced the synthesis of c o r r e c t l y i n i t i a t e d ß-
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globin transcripts by at l e a s t two orders of magnitude i r ­
respective of orientation. While the C2 sequence was about 
as active as the SV40 enhancer, the enhancer i n recombinant 
C4 was three to five times stronger. Insertion of the HCMV 
Pst I m-fragment, containing the complete enhancer promoter/ 
region and the tr a n s c r i p t i o n a l s t a r t s i t e of the 1.9 kb 
IE-mRNA, showed strong polar e f f e c t s . In a construct, where 
the directions of transcription of the 1.9 kb IE-mRNA and 
the ß-globin mRNA are opposite to each other and the en­
hancer i s separated from the ß-globin gene by plasmid DNA 
on one side and by the HCMV IE promotor on the other side 
almost no enhancing a c t i v i t y was detected. Transfection 
into Hela c e l l s of a construct where the direction of RNA 
synthesis from the I E promoter of HCMV and from the ß-
globin gene are i d e n t i c a l , revealed synthesis of correctly 
i n i t i a t e d ß-globin t r a n s c r i p t s i n simi l a r amounts as 
stimulated by the SV40 enhancer. The Si nuclease analysis 
revealed an addtitional strong band of a shortened protec­
ted fragment (306 nucleotides); t h i s i s probably formed by 
aberrant s p l i c i n g to an acceptor sequence at position +48 
of the rabbit ß-globin gene ( 17 ). Transcription seems to 
be i n i t i a t e d from the strong I E promoter of HCMV, and the 
IE-RNA leader i s spliced to the ß-globin sequences. Co-
transfection of in t a c t HCMV IE-genes (HindIII-E and 
EcoRIJ, see Fig. 1) with ß-globin/HCMV enhancer fusion 
Plasmids resulted i n s i g n i f i c a n t l y increased amount of 
correctly i n i t i a t e d ß-globin t r a n s c r i p t s . I t indicates 
that the HCMV enhancer i s stimulated by gene product(s) 
that i s (are) encoded in the 1.9 and 2.3 kb IE-mRNA. 

3. Deletion mutagenesis i n the enhancer sequence 

The r e s t r i c t i o n enzyme Aha I I cuts within the 
palindromic 19 bp repeat sequences, defining s i x struc­
t u r a l domains i n the HCMV-enhancer sequence (Fig. 2; 
Table 1 ) . Deletion mutants of the SV40-HCMV recombinants 
were constructed with p a r t i a l AhaII digestion products of 
recombinants C2 and C4. Transfection into CVl c e l l s re­
vealed that smaller deletions had l i t t l e or no e f f e c t on 
v i r a l r e p l i c a t i o n and T-antigen expression. Large 
deletions reduced T-antigen expression and resulted i n 
slow virus growth. However, remarkably, each single de­
leti o n mutant was viable, thus retaining a t l e a s t the mini­
mum enhancer a c t i v i t y allowing r e p l i c a t i o n of v i r a l DNA. 
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TABLE 1 
COMPOSITION OF SV40-HCMV RECOMBINANTS WITH 

DELETIONS IN THE HCMV-ENHANCER REGION 

Domains of the enhancer region A Β C D Ε F 
64 53 83 62 124 21 (bp) 

Recombinant v i r u s C2 - + + + + 
II 11 C4 + + + - -D e l e t i o n mutant #1 - + + + - -

II II 2 + - + + - -
II II 3 + + - + - -
II II 4 + + - - + 
It II 5 + - - - -
II II 6 -J- + - - - + 
ii ii 1 - + - + - -
II II 8 - + + - - + 
II II 9 + - - - - + 
II II 10 - + - - -

DISCUSSION 

The SV40 enhancer t r a p system allowed t o i d e n t i f y a 
f u n c t i o n a l enhancer region upstream of the major immediate 
e a r l y gene of HCMV s t r a i n AD169. The region extends bet­
ween nucleotides -118 and -524 upstream of the capping 
s i t e . The enhancer stimulates c o r r e c t l y i n i t i a t e d t r a n s ­
c r i p t i o n , i f i t i s i n s e r t e d downstream of α cloned r a b b i t 
ß-globin gene i n e i t h e r o r i e n t a t i o n . The HCMV-enhancer r e ­
gion has a host range at l e a s t as wide as the SV40 enhan­
cer. Deletion mutants containing non-overlapping subsets 
of the enhancer can s t i l l s u b s t i t u t e f o r the SV40 72 bp 
repeats. 

The herpesvirus group i s h i g h l y heterogenous i n the 
f u n c t i o n a l genome or g a n i s a t i o n . Some herpesviruses such 
as Herpesvirus s a i m i r i or Pseudorabies v i r u s have a s i n g l e 
immediate e a r l y region (18, 19). Other herpesviruses have 
several I E - t r a n s c r i p t i o n u n i t s , f o r example herpes simplex 
v i r u s (HSV), which contains f i v e IE-genes. These IE-genes 
of HSV are stimulated in_ trans by a s t r u c t u r a l component 
of the v i r u s p a r t i c l e . The re g u l a t i o n i s mediated by f a r 
upstream regions, and i t i s suggested t h a t these regions 
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share a consensus m o t i f TAATGARATNC which plays an impor­
t a n t r o l e f o r t r a n s - a c t i v a t i o n (15, 20, 21, 22, 23, 24). 
The sequence mediating the t r a n s - a c t i v a t i o n f o r the HSV 
IE-mRNA 3 has weak enhancer-like e f f e c t s , i f fused w i t h 
the HSV thymidine kinase gene (25, 26). Sequence compa­
r i s o n of the upstream regions of the f i v e HSV IE genes 
w i t h the HCMV-enhancer region d i d not reveal homologies 
^ 70% t o any of the repeated m o t i f s i n the HCMV-enhancer, 
and the TAATGARATNC m o t i f was not found i n the HCMV se­
quence. The sequence d i s s i m i l a r i t i e s appear t o r e f l e c t 
d i f f e r e n t mechanisms i n the r e g u l a t i o n of I E - t r a n s c r i p ­
t i o n i n HSV and HCMV, c o r r e l a t i n g w i t h the known funda­
mental d i f f e r e n c e s i n the b i o l o g y of those herpesviruses. 

I t has been shown t h a t d u p l i c a t i o n s can increase the 
a c t i v i t y of enhancer elements (11, 27). The HCMV enhancer 
region contains four groups of d i r e c t l y repeated sequences. 
The observation t h a t d i f f e r e n t subsets of the HCMV enhan­
cer s u b s t i t u t e f o r the SV40 72 bp repeats may suggest t h a t 
the strong enhancer sequence of HCMV has ari s e n through 
a m p l i f i c a t i o n and d i v e r s i f i c a t i o n of an o r i g i n a l element. 
This may explain why the HCMV enhancer sequence i s r e l a ­
t i v e l y long and one of the strongest of these elements 
known so f a r . 
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