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Molecular Mimicry of Human Cytokine and 
Cytokine Response Pathway Genes by KSHV 

Patrick S. Moore, Chris Boshoff, Robin A. Weiss, Yuan Chang* 

Four virus proteins similar to two human macrophage inflammatory protein (MIP) che- 
mokines, interleukin-6 (IL-6), and interferon regulatory factor (IRF) are encoded by the 
Kaposi's sarcoma-associated herpesvirus (KSHV) genome. vlL-6 was functional in B9 
proliferation assays and primarily expressed in KSHV-infected hematopoietic cells rather 
than KS lesions. HIV-I transmission studies showed that vMIP-I is similar to human MIP 
chemokiries in its ability to inhibit replication of HIV-I strains dependent on the CCR5 
co-receptor. These viral genes may form part of the response to host defenses con- 
tributing to virus-induced neoplasia and may have relevance to KSHV and HIV-I 
interactions. 

Kaposii's sarcoma-associated herpesvirus 
(KSHV) is a gammaherpesvirus (1 ,  2) relat- 
ecl to Epstein-Barr virus (EBV) and herpes- 
~ ~ i r u s  sailniri (HVS). It is present in nearly all 
KS lesions including the \ ,ar io~~s types of 
HIV-related and HIV-unrelated KS (1 , 3, 
4 ) .  Moreol~er, ~ ~ i r a l  D N A  is localized to KS 
tumors (1 ,  4 ,  5) and serologic studies sho\v 
that KSHV is specifically associateil \\,it11 KS 
( 2 ,  6-8). Taken together, these sti~ilies inili- 
cate that KSHV 1s the probable ~nfectious 
agent precipitating KS in patients with and 
\vithout HIV (9).  Related lymphoprolifera- 
tive disorders, ~vhich can occur in patients 
~ v i t h  KS [such as body-ca\,itv-based/prilnay 
effusion lymphoma (PEL), a rare B cell lym- 
phoma, and some forn~s of Castleman's ilis- 
ease] are also associated with KSHV infec- 
tion (10). 

T o  identify \,iral genes in the  KSHV 
genome, geno~uic  sequencing (1 1 ) was per- 
forrne~l with Supercos-1 and Lalllbda FIX I1 
geno~nic  libraries fronl BC-1, a non- 
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Hoilgkin's lylupho~na cell line stably infect- 
ed with hot11 KSHV and EBV (12) .  T h e  
KSHV D N A  fraglnents KS330Barn and 
KS631Bam (1)  were used as hybridization 
starting points for illapping and bi-direc- 
tional sequencing (1 1 ) .  Open  readlng frame 
(ORF) analysis (13) of the Z6 coslnid se- 
quence identified tnro separate potentla1 
codillg regions (ORFs K4 and K6) with 
sequence siinilarity to P-chemokines and a 
third potential coiling region (ORF K2) 
similar to hulnan interleukin-6 (~ILIIL-6); a 
fourth potential coding region ( O R F  K9) 
is present in the  28 cosnliil insert sequence 
with sequence similarity to  interferon reg- 
ulatory factor (IRF) proteins (Fig. 1 ) .  
None  of these KSHV genes are sinlilar to  
other k n o ~ v n  \~ira l  genes (14) and the  
preilicted proteins were nalneil without 
reference to  their potential in  v i ~ m  func- 
tional properties. 

T h e  289-bp ORF of the KG gene encodes 
a 10.5-kL1 predicted protein (\,MIP-I) with 
37.9% anlino acid identity (71% similari- 
ty)  to h ~ ~ M l P - l o t  and slightly greater dif- 
ferences 1~1 th  other  p-cheinokines (Fig. 
1 A ) .  O R F  K4 also encodes a predicted 
10.5-kD protein (vb1IP-11), similar in se- 
quence and amino acid hydrophobicity 
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profile to vMIP-I. The two KSHV-encod- ORFs ( I  I) .  Both hypothetical proteins 
ed genes that are similar to P-chemokines have conserved P-chemokine motifs (Fig. 
are separated from each other on the lA,  residues 17 to 55) that include a 
KSHV genome by 5.5 kb of intervening characteristic C-C dicysteine dimer (Fig. 
sequence containing at least four potential lA,  residues 36 to 37), and have near 

VILS c w  X L W S L L  L S G T R G K L  1 D A iEE;;m~ - - - L I ~ R ~ N W M  so 
huIL6 ~ N S ~ S T S A F ~  P ~ ~ ; ~ E ~ ~ ~ ~ L P A A F P A  v  P B V A  A P H R . P  T S S  

v ~ ~ 6  huIL6 I*v R I  D X a  - - - - I - R T ~  - 
D E C P R D R -  - - - B Y R T  G I ~ X O  I L~PA!; :a ;e]:::;:~: 100 
L D G I S A  R K E  T  N X S N W  E S  S K . A L  

VILS 1; ; ; ~:ICL A D ~ P P  m~ P x FIT T E ~ G  x i v  I N v  D v  M E L L 
huIL6 I I T  L L  - Y L E Y  Q  N R  E S  E E Q A  RAVQWSm:[lSO 

V I L ~  G W D I - E E L N K  T K T H Y S P  [x F D R G ~ O R H  G L X Y ~ V R H P A  S P Y V  S A X E X  200 
huIL6 IQFL[XXAXN R D A I T T P D  T  T N A S  T K  A Q N Q  L O D M T  T H L I I R S F X E  

A O Q A V  V  D  S I P D V T P D V H  D K  
B L g s s L I J -  - - - - - - - - - R  a n  

C 
V I M  M D P G Q R P N P P  G A P O A I P K X P  C L S Q G S P G T S  G S G A P C D E P S  R S E S P G E G P S  50 
huISGP3y 
huICSBP 

VIRF G T Q G S A A A Q D  I T R P A V V A A I  T E W S R T R P L R  
huISGP37 
huICSBP 

WIRF V D A S P K G T R G  
huISGF37 E G D T G G P A V W  
~UICSBP E O D K A E P A T W  

V I m  C T T . E O Q E A V  I ~ G - - - - - -  - - - - - - - - - -  - - - - - - - - - -  - - - - - - - - R  I 300 
hulSGF3y S G G  V H S D I G  S ? S S S S S P E P  Q E V T D T T E A P  P Q C D P R S L E I  L L P P E P D T S I  
~UICSBP P P D  C R S Q L L  P ~ W A R E P S T  O R R L V T O T T T  Y D A H H S A P S -  - - - - - -  - - Q V  

v I W  V  N L A C E I A K  R E L C D T  L T  S C  N  I  C V C Y H N  H P I G N T ~ ~ O O  
u I P 3  G[LEPT--OR -----LI::L : : m V A i N P  R p L i V Q R L C P  T S W N A P Q A  
~UICSBP A P T I P S E R Q R  Q V T R K L F C H L  E R  v R S  R -  Q C V  V X R L C Q  Q R ~ F C V V V V ~  

vIRF W L O X P V A V G K  L E P R A P S P - -  
huISGF37 A G S S H T P Q N L  I T V X Y E Q A P A  
~UICSBP P D M A P L R S K L  I L V Q I E Q L Y V  

Fig. 1. CLUSTAL W alignments of KSHV-encoded, hypothetical protein sequences to corresponding 
human protein sequences. (A) Two KSHV MIP-like genes (vMIP-I and vMIP-II) are compared to human 
MIP-la, MIP-lp, and RANTES (amino acid identity to vMIP-I indicated by black reverse shading, to 
vMIP-II alone by gray reverse shading; the C-C dimer motif is italicized). The KSHV MIP genes encode 
24- and 23-amino acid, NH,-terminus hydrophobic secretory leader sequences, respectively, that are 
relatively poorly conserved (vMIP-I also has a second C-C dimer in the hydrophobic leader sequence 
without similarity to the chemokine dicysteine motit). Potential 0-linked glycosylation sites for vMIP-I 
(gapped positions 22 and 27) are not present in vMIP-II, which has only one predicted serine glycosyl- 
ation site (position 51) not found in vMIP-I. (B) Alignment of the KSHVvlL-6 to human IL-6. (C) Alignment 
of the KSHV vlRF protein to human ICSBP and ISGF3y with the putative ICS-binding tryptophans (W) 
for ICSBP and ISGF37 in italics. 

seauence identitv to human MIP-la at 
residues 56 to 84. However, the two pro- 
teins show onlv 49.0% amino acid identitv 
to each other and are markedly divergent 
at the nucleotide level, indicating that 
this duplication is not a cloning artifact. 
The two viral proteins are more closely 
related to each other phylogenetically 
than to huMIP-la, huMIP-1P, or 
huRANTES, suggesting that they arose by 
gene duplication rather than independent 
acauisition from the host genome (15). . . 
~ h k  reason for this double &ne dosage in 
the viral genome is unknown. 

The KSHV ORF K2 (Fig. 1B) encodes 
an IL-6-like protein of 204 amino acids 
(23.4 kD). It contains a hydrophobic 19- 
amino acid secretory signaling peptide hav- 
ing 24.8% amino acid identity and 62.2% 
similarity to the human protein. The vIL-6 
also has a conserved sequence characteristic 
of IL-6-like interleukins (residues 101 to 
125 of the gapped protein) as well as four 
conserved cysteines that are present in IL-6 
proteins (gapped alignment residue posi- 
tions 72, 78, 101, and 111 in Fig. 1B). 
Potential N-linked glycosylation sites in the 
vIL-6 sequence are present at gapped posi- 
tions 96 and 107 in Fig. 1C. The 449- 

u 
Probe vMlP 

E Probe: vlL-6 

Probe p-acr~n rrooe. p-actln 

Fig. 2. Expression of KSHV genes in infected cells 
in the presence or absence of TPA induction. 
Northern hybridization was performed on total 
RNA extracted from BCP-1 (lanes 1 and 2) and 
BC-1 cells (lanes 3 and 4) prior to and after a 
48-hour incubation with TPA, respectively, and on 
control P3HR1 cells (lane 5) after TPA incubation. 
All four genes (A, vMIP-I; B, vMIP-II; C, vlL-6; and 
D, vIRF) are TPA-inducible. Representative hy- 
bridizations to a human p-actin probe (E and F) 
demonstrate comparable loading of RNA. 
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amino acid KSHV vIRF protein encoded by 
ORF K9 has lower overall amino acid iden- 
tity (approximately 13%) to its human cel- 
lular counterparts than either of the vMIPs 
or the vIL-6, but has a conserved region 
derived from the IRF family of proteins (Fig. 
lC, gapped residues 88 to 121). This region 
includes the tryptophan-rich DNA binding 
domain for IRF, although only two of four 
tryptophans thought to be involved in DNA 
binding are positionally conserved. It is pre- 
ceded by an 87-amino acid peptide with a 
hydrophilic NH2-terminus having little ap- 
parent IRF similarity; the COOH-terminus 
also has low amino acid similarity to the 

Fig. 3. (A) lmmunoblot of rabbit antipeptide anti- 
bodies generated from the predicted amino acid 
sequences of vlL-6 FHYSPPKFDR and PDVTP- 
DVHDR (4 I ) ]  against cell lysates of BCP-1 (lane I), 
BCP-1 plus TPA (lane 2), BC-1 (lane 3), BC-1 plus 
TPA (lane 4), P3HRl (lane 5), P3HR1 with TPA 
(lane 6), 1 pg human rlL-6 (lane 7), and concen- 
trated COS7 r6-Llv (lane 8) and NIL-6 supema- 
tants (lane 9). Preimmune sera from immunized 
rabbits did not react on immunoblotting to any of 
the preparations. (B) Dose-response curves for 
3H-thymidine uptake in IL-6-dependent B9 cells 
with serial dilutions of rhulL-6 (filled squares) and 
COS7 supernatants of rvlL-6 (filled circles), r6- 
Llv (asterisks) or control LacZ (open circles) 
pMET7 transfections. Undiluted NIL-6 superna- 
tants from this transfection lot showed similar B9 
proliferation activity to hulL-6 >0.02 ng/ml 
whereas the reverse construct (r6-Llv) and the 
LacZ control showed no increased ability to in- 
duce B9 proliferation. Concentrated superna- 
tants at greater than l :1 dilution may have in- 
creased activity due to concentration of COS7 
conditioning factors. 

IRF family transactivator/repressor region. 
The four KSHV proteins that resemble 

members of cell signaling pathways show sim- 
ilar patterns of expression in virus-infected 
lymphocyte cell lines by Northern blotting 
(1 6). Whole RNA was extracted from BCP-1 
[a cell line infected with KSHV alone (17)] 
and BC-1 [EBV, KSHV coinfected (1 2)] with 
or without pretreatment with 12-0-tetradeca- 
noylphorbol-13-acetate (TPA, 20 nglml, Sig- 
ma, St. Louis, Missouri) for 48 hours. Al- 
though constitutive expression of these genes 
was variable between the two cell lines, ex- 
pression of all four gene transcripts increased 
in BCP-1 and BC-1 cells after TPA induction 
(Fig. 2, A to D). This pattern is consistent 
with expression occurring primarily during vi- 
rus replication in the lytic phase. Examination 
of viral terminal repeat sequences of BCP-1 
and BC-1 demonstrates that a small amount 
of lytic replication occurs in BCP-1 but not 
BC-1 in the absence of TPA induction (1 I), 
and both cell lines can be induced to express 
lytic-phase genes by TPA treatment despite 
repression of DNA replication in BC-1 (1 8). 
A lower level of expression during latent rep- 
lication is seen, particularly for vIL-6 (Fig. 
2C) and vIRF (Fig. 2D), as these transcripts 
were detectable in the absence of TPA induc- 
tion in BC-1 cells, which are under tight 
latency control. Although cytokine dysregu- 
lation has been proposed to cause KS (19), 
spindle cell lines used for in vitro studies over 
the past decade are uniformly uninfected with 
KSHV (20). To determine if KS spindle cells 
cultured in vitro retain defective or partial 
virus sequences that include these genes, 
DNA was extracted from four KS spindle cell 
lines (KS-2, KS-10, KS-13, and KS-22) and 
amplified by the polymerase chain reaction 
for vMIP-I, vMIP-11, vIL-6, and vIRF se- 

quences ( 16). None of the DNA samples from 
spindle cells was positive for any of the four 
genes. 

The vIL-6 was examined in more detail by 
bioassays and antibody localization studies to 
determine whether it is functionally con- 
served. Recombinant vIL-6 (NIL-6) (21) was 
specifically recognized by antipeptide anti- 
bodies that did not cross-react with huIL-6 
(Fig. 3) (22). The vIL-6 was produced consti- 
tutively in BCP-1 cells and increased marked- 
ly after 48 hours of TPA induction, consistent 
with Northern hybridization experiments. 
The BC-1 cell line coinfected with both 
KSHV and EBV only showed vIL-6 protein 
expression after TPA induction and control 
EBV-infected P3HR1 cells were negative for 
vIL-6 expression (Fig. 3A). Multiple high mo- 
lecular weight bands present after TPA induc- 
tion (21 to 25 kD) may represent precursor 
forms of the protein. Despite regions of se- 
quence dissimilarity between huIL-6 and vIL- 
6, the viral interleukin has biologic activity in 
functional bioassays with the mouse plasma- 
cytoma cell line B9, which undergoes para- 
crine-dependent apoptosis in the absence of 
IL-6 (23). COS7 supernatants from the for- 
ward construct (NIL-6) supported B9 cell pro- 
liferation measured by 3H-thymidine uptake, 
indicating that vIL-6 can substitute for cellu- 
lar IL-6 in preventing B9 apoptosis (Fig. 3B). 
Proliferation of B9 cells in the presence of 
vIL-6 was dose-dependent, with the uncon- 
centrated supernatant from the experiment 
shown in Fig. 4 having biologic activity equiv- 
alent to approximately 20 picograms per mil- 
liliter of huIL-6. 

Forty-three percent of noninduced 
BCP-1 cells (Fig. 4A) had intracellular cy- 
toplasmic vIL-6 immunostaining (24) sug- 
gestive of constitutive virus protein expres- 

Fig. 4. Antibody localiza- 
tion studies of cultured in- 
fected cells and patient 
tissues indicate that vlL-6 
is primarily expressed in 
infected hematopoietic 
cells. Rabbit anti-vlL-6 
peptide antibody reactivi- 
ty localized with goat-an- 
tirabbit immunoglobulin- 
peroxidase conjugate 
(brown) plus hematoxylin 
counterstaining (blue) at 
60x final magnification. 
KSHV-infected cell line 
BCP-1 (A), EBV-infected 
cell line P3HR1 (B), pel- 
leted lvmohoma cells ! 
spread positivit;/ (vector-Fled staining) is also seen at 12x final magnification in cells from a lymph node 
of an AIDS-KS patient (D). Arrows only indicate the most prominently staining cells; nuclei counter- 
stained with hematoxylin. Colocalization (E) with CD20 (brown, arrows) and vlL-6 (red) in an AIDS-KS 
patient's lymph node ( 6 0 ~ ) .  
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sion in cultureii infected cells (25) ,  ~vhereas 
no specific immunoreactive staining was 
present in uninfected control P3HR1 cells 
(Fig. 4B). T h e  vIL-6 protein was rarely 
detected in KS tissues and only one of eight 
KS lesions examined shoned clear, specific 
vIL-6 immunostaining ( in  less than 2% of 
cells). T h e  specificity of this low positivity 
rate was confirmed with preimmune sera 
and ne~~tra l izat ion with excess vIL-6 pep- 
tides (25) .  These rare, vIL-6-producing 
cells in the  KS lesion are positive for either 
CD34, a n  endothelial cell marker, or CD45, 
a pan-hematopoietic cell marker, demon- 
strating that both infected endothelial and 
he~natopoietic cells in KS lesions can pro- 
duce vIL-6. It is possible that these vIL-6- 
positive cells are entering lytic phase repli- 
catlon, n.hic11 has heen shown to occur with 
the  KSHV T1 . l  lytic phase R N A  probe 
(26).  I11 contrast, well over half (65%) of 
ascitic lymphoma cells pelleted from an  
HIV-negative PEL (1 7)  are stro~lgly posi- 
tive for vIL-6 (Fig. 4C)  and express the  
plasma cell marker EMA, indicating that 
either most PEL cells In vivo are replicati11g 
a lytic form of KSHV or that latently in- 
fected PEL cells can express high levels of 
vIL-6. N o  specific vIL-6 stailling occ~lrred 
with ally control tissues examined i ~ l c l ~ ~ d i n g  
11orma1 skin, tonsillar tissue, multiple my- 
eloma, or angiosarcoma when either pre- 
immune or post-immune rabhit anti-vIL-6 
were used. 

Virus disse~uination to non-KS tissues 
was examined in lymph ]lode tissue from a 
patient with AIDS-KS who did not develop 
PEL. Numerous hernatopoietic cells stain- 
ing with vIL-6 antibody were present in this 
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Fig. 5. CCC/CD4 cell infection by primary NSI 
SF162 and M23 HIV-1 strains and HIV-2 strain 
ROD/B In the presence or absence of vMIP-I. 
CCC/CD4 cells were transiently cotransfected 
with CCR5 alone. CCR5 plus empty pMET7 vec- 
tor. CCR5 plus vMP-l in pMET7 vector, or CCR5 
plus the reverse orlentation l-PIMv. The results 
after 72 hours of lncubatlon with each retrovirus 
are expressed as a percentage of the focl formlng 
units for cells transfected wth CCR5 alone. 

lymph node (Fig. 4D),  which was free of KS 
microscopically. T h e  vIL-6-positive lymph 
node cells were present in relatively B cell- 
rich areas and some expressed the B cell 
surface antigen CD20 (Fig. 4E),  but unlike 
PEL cells did not express EMA surface an- 
tigen (1 2).  N o  colocalizatio~~ of vIL-6 pos- 
itivity with the  T cell surface antigen C D 3  
or the  macrophage antigen CD68 was de- 
tected, although phagocytosis of vIL-6 irn- 
mmlnopositive cells hy macrophages was fre- 
quently observed. 

Members of the  MIPIRANTES family of 
C - C  chelnokines prevent nonsyncytia- 
inducing (NSI)  HIV-1 entry and replica- 
tion by binding to the  CCR5 chemokine 
receptor, which also is the  HIV-1 co-recep- 
tor (27).  T o  investigate \vhether vMIP-I 
can inhihit NSI HIV-1 entry, h ~ ~ m a n  
CD4+/cat kidney cells (CCC/CD4) were 
transiently transfected with plasmids ex- 
pressing human C C R 5  and vMIP-I or its 
reverse construct I-PIMv (23).  These cells 
were infected with either M23 or SF162 
primary HIV-1 isolates lvhich are NSI and 
are known to use CCR5 as a co-receptor 
(29) .  Alternatively, they were infected with 
the  HIV-2 variant ROD/B, which can in- 
fect C D 4 l  CCC cells in the  absence of 
h~11na11 CCR5 (28,  29).  Virus entry and 
replicatio~l were assayed hy immunostai~ling 
for retroviral antigen p rod~~c t ion  (Fig. 5).  
Cotra1lsfectio11 of vMIP-I reduced genera- 
tion of NSI HIV-l-containing foci to  less 
than half that of the  reverse-construct neg- 
ative control, but had n o  effect o n  ROD/B 
HIV-2 replication. This suggests that 
vMIP-I is f~ lnc t io~ la l  in binding CCR5 and 
may contrihute to i11teractio1ls hetween 
KSHV and HIV-1. 

Molecular piracy of host cell genes is a 
newly recognized feature of some D N A  vi- 
ruses, particularly herpesviruses and pox- 
viruses (14,  30) .  In  addition to  vMIP-I, 
vMIP-11, vIL-6 and vIRF, KSHV also en- 
codes genes similar to bcl-2 (ORF 16) ,  cy- 
clin D (ORF 72), complement-hinding pro- 
teins similar to CD21/CR2 (ORF 4) ,  an  
NCAM-like adhesion protein (ORF K14), 
and a n  IL-8-like receptor (ORF 74) (1 1 ,  
3 1 ). There is a striking correspo1lde11ce be- 
tween genes ellcoded by KSHV and human 
genes induced after EBV infection. EBV 
also encodes a Bcl-2-like protein (BHRF1) 
and induces human Bcl-2, complement- 
hinding CR-2, cyclin D, IL-6, adhesion 
molecules, and the  IL-8R-like EBIl protein 
(32,  33) .  KSHV lacks genes with sequence 
similarity to  EBV EBNA-LMP genes (1 1 ), 
which are largely responsible for induction 
of these cellular genes. Therefore, both vi- ' 

ruses appear to modify the  same cell regu- 
latory and signaling pathways, but use dif- 
ferent strategies to achieve these effects. 

Ide~ltificatio~l of these viral genes leads 

to s~ecu la t ion  about t h e ~ r  potential roles in 
protecting against cellular antiviral respons- 
es. Cellular responses to virus infectio~l 
cornmonlv include cell cycle arrest, induc- 
tion of apoptosis, and enha11celne11t of cell- 
mediated immunity; many of these respons- 
es may be mediated through p53, ~vh ich  is 
cornmonly i~lactivated hy D N A  turnor vi- 
ruses (34).  T h e  KSHV-encoded cyclin can 
filnctionally substitute for D-type cyclins in 
preventing pRB-mediated cell cycle arrest 
but similar to  adenovirus EIA can induce 
apoptosis in cells with wild-type p53 ( 3  1 ) .  
T h e  ~ILIIL-6 inhibits apoptosis in myeloma 
cell lines \vhich can be antagonized by in- 
terferons (35) and vIL-6 may play a similar 
role in infected B cells. KSHV-encoded 
vIRF and vhcl-2 rnay also contrihute to 
prevention of host-cell-mediated apoptosis 
after virus infection. Interference with in- 
terferon-induced major histocompatibility 
complex ( M H C )  antigen presentation and 
cell-mediated ilnrn~lne response (36) by 
vIRF are additional possible f~ lnc t io~ l s  for 
this protein. T h e  P-chemoki~le homologs 
are more difficult to evaluate as it is un- 
known whether they have agonist or antag- 
onist s i ~ n a l  transduction roles. Their se- 
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quence co11servatio11 and duplicate gene 
dosage are indicative of important hut as yet 
unknown functions in KSHV replication 
and survival. 

U ~ l c o ~ ~ t r o l l e d  cell growth from dysregu- 
lation of cell-signaling pathways is an  obvi- 
ous potential by-product of this virus strat- 
egy. Given the  paucity of cells expressing 
vIL-6 in KS lesions, it is ~mlikely that vIL-6 
sig11ificantly contributes to KS cell neopla- 
sia. KSHV i11d~1ctio11 of huIL6, however, 
with subsequent i n d ~ ~ c t i o n  of vascular en- 
dothelial growth factor-mediated angiogen- 
esis (37) ,  is a possibility. T h e  vIL-6 could 
potentially contribute to the  pathogenesis 
of KSHV-related lympl~o~roliferative disor- 
ders such as PEL or the  plasma cell variant 
of Castleman's disease. A n o ~ t o s i s  of multi- 
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ple myeloma cells is prevented by huIL-6 
(35),  which is reflected by our studies of 
vIL-6 o n  B9 cell proliferation. T h e  auto- 
crine dependence o n  IL-6 and enhanced 
turnorigenicity of EBV-infected lympho- 
cytes in the presence of IL-6 (33,  38) may 
be a similar manifestation of this require- 
ment to overcome virus activation of apop- 
totic patl~\vays in the host cell. T h e  func- 
tional activity of vIRF is currentlv un- 
known, but a ;elated member of this signal 
transduction protein family (IRF) has trans- 
forming capacity (39).  T h e  oncogenic po- 
tential of cellular cyclin and Bcl-2 overex- 
nressio11 is well established and these func- 
tional, virus-encoded holnologs rnay also 
contribute to KSHV-related neoplasia. 

KSHV vMIP-I inhibits NSI HIV-1 reD- 
lication in vitro, but the  clinical impor- 
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tance of this finding is unknown. Studies 
frorn early in the  AIDS epidemic indicate 
that survival is longer for AIDS-KS patients 
than for other AIDS patients. Among U.S. 
AIDS patients, 93?6 of long-term survivors 
living >3 years with AIDS had KS corn- 
pared to only 28% of AIDS patients living 
2 years or less (40). This ma\- be due to  KS 
occurring at relatively high CDq1 counts 
and competing mortality from other AIDS- 
defining conditions. Recent s~~rvei l lance 
data indicates that the  epidemiology of 
AIDS-KS is changing as the AIDS epidem- 
ic progresses (40). Additional studies will be 
needed to determine what effects, if any, 
KSHV-encoded cytokines have on HIV 
replication in vivo. 
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A Role for Endothelial NO Synthase in LTP 
Revealed by Adenovirus-Media ted 

In hi bi tion and Rescue 
David B. Kantor, Markus Lanzrein, S. Jennifer Stary, 

Gisela M. Sandoval, W. Bryan Smith, Brian M. Sullivan, 
Norman Davidson, Erin M. Schuman* 

Pharmacological studies support the idea that nitric oxide (NO) serves as a retrograde 
messenger during long-term potentiation (LTP) in area CAI of the hippocampus. Mice 
with a defective form of the gene for neuronal NO synthase (nNOS), however, exhibit 
normal LTP. The myristoyl protein endothelial NOS (eNOS) is present in the dendrites of 
CAI neurons. Recombinant adenovirus vectors containing either a truncated eNOS (a 
putative dominant negative) or an eNOS fused to a transmembrane protein were used 
to demonstrate that membrane-targeted eNOS is required for LTP. The membrane 
localization of eNOS may optimally position the enzyme both to respond to Ca2+ influx 
and to release NO into the extracellular space during LTP induction. 

Long-term potentiation, a form of synaptic 
plasticity, can be inhibited by agents that 
interfere with the activity of N O  synthase 
(NOS) ,  wliich suggests that N O  serves as a 
retrograde messenger during some forms of 
LTP (1-6). Hippocampal slices from ho- 
mozygous transgenic mice lacklllg neuronal 
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N O S  (nNOS) ,  however, exhibited normal 
LTP (7). T h e  LTP in slices from these 
niutant mice was still susceptible to  inhibi- 
tion by broad-spectrum N O S  inhibitors, 
which suggests that another N O S  isoform 
may participate in LTP. In fact, a residual 
N O S  activity was detected in the hip- 
pocampus of these mice ( a ) ,  perhaps result- 
ing from endothelial N O S  (eNOS) in C A I  
neurons (7, 9) .  Thus, eNOS may be the 
isoform of N O S  that participates in LTP 
induction. 

Endothelial N O S  is myristoylated and 
associated w ~ t h  membrane fractions (1 0- 
12).  W e  assessed the subcellular localization 
of eNOS by examining the distribution of 
fluorescelice in Chinese harnster ovary 
( C H O )  cells transfected with a cDNA en- 
coding a fusion protein composed of eNOS 
and green fluorescent protein (1 3, 14) [the 
fluorescent protein used was Green Lantern 
(GL)] (1 5,  16).  Control cells transfected 
1~1th GL alone exhibited a diffuse fluores- 
cent signal throughout the cytoplasm and 
the nucleus (Fig. l A ) ,  whereas tlie eNOS- 
GL fusion protein was localized in the plas- 
malemma membrane and intracellular 
membrane colnpartments (Fig. 1B) (1 7). 

W e  examined the role of eNOS in LTP 
by combining pharmacological agents with 
recombinant adenovirus vectors that were 
designed to man~pulate eNOS function. In 
control experiments, individual rat hip- 
pocampal slices were injected in the C A I  
cell body region wlth a n  adenovirus vector 
contaming lac2 (Ad-lacZ) (15, 18). W e  
examined synaptic transmission and plastic- 
ity at the Schaffer-collateral C A I  neuron 
synapses 1vit1-1 conventional extracellular re- 
cording techniques (19).  Control slices in- 
fected with Ad-lacZ exhibited staining for 
P-galactosidase (P-Gal) throughout the py- 
ramidal cell layer and in processes extend- 
ing into the stratum radiatum (SR) and 
stratum oriens (SO)  within 4 to 8 hours of 
injection (Fig. 2A) (18); single pyramidal 
neurons expressing P-Gal were readily iden- 
tified (Fig. 2B). Synaptic transmission (24 
to 36 hours after infection) in Ad-lacZ- 
infected slices was i~idistinguishable from 
slices injected with control saline that were 
maintained for equivalent periods of time 
(Fig. 2C). In addition, short- and long-term 
synaptic plasticity, including post-tetanic 
potentiation (PTP),  paired-pulse facilitation 
(PPF), and LTP, were normal (Fig. 2, C and 
D) [100-ms interstirnulus interval (ISI) PPF, 
meall percent of the first field excitatory 
postsynaptic potential (fEPSP) slope ? 
SEM: saline, 126.2 + 4.9% ( n  = 4);  Ad- 
lacZ, 133.5 ? 4.5% (n = 4) ,  not significant 
(NS);  maximum PTP, meall percent of base- 
line ? SEM: saline, 345.0 ? 37.7% ( n  = 6); 
Ad-lacZ, 359.7 + 21.9%, (n  = 6) ,  NS; LTP, 
mean percent of baseline 2 SEM: saline, 
193.3 + 25.3% (n = 6);  Ad-lacZ, 184.7 + 
7.7% (n = 6),  NS]. 

T o  address tlie role of eNOS in LTP, we 
constructed an adenovirus vector contain- 
ing a tru~icated eNOS (Ad-TeNOS) (1 5 ) .  
T h e  truncated eNOS lacks catalytic activ- 
ity yet retains the NH2-terminal sequence 
required for myristoylation and may be a 
dominant negative inhibitor of eNOS func- 
tion, presumably because it can liet- 
erodimerize with wild-type eNOS (20).  Co-  
transfection of CHO cells with eNOS-GL 




