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Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) (also known as human herpesvirus 8) is a gamma-2
herpesvirus believed to be the etiologic agent responsible for KS. The pathogenesis of this potentially life-
threatening neoplasm is complex and unclear, and it is currently unknown how KSHV causes KS. Id (named
for inhibitor of DNA binding or inhibitor of differentiation) proteins were identified in 1990 and found to be
naturally occurring dominant-negative inhibitors of basic helix-loop-helix transcription factors. Id-1, the most
well-studied member of this family, has since been shown to play a key role in several biological systems
including cellular differentiation, cell cycle regulation, and tumorigenesis. In this report, we demonstrate that
Id-1 is expressed at high levels in KS tumor cells both in vitro and in vivo but is expressed at relatively modest
levels in endothelial cells (ECs), the likely precursor of the KS tumor cell. Infection of precursor cells with
KSHYV may be responsible for this enhanced expression, as KSHV infection induced Id-1 27-fold in ECs under
our experimental conditions. Furthermore, we demonstrate that the KSHV-encoded latency-associated nuclear
antigen (LANA) protein appears to be involved. Expression of LANA in ECs resulted in Id-1 induction that was
almost identical to the induction seen with KSHV-infected ECs. These results demonstrate the expression of
Id-1 in KS tumor cells and indicate the KSHV LANA protein may be, at least in part, responsible. This may
be an important mechanism by which KSHYV allows KS tumor cells to escape normal cell cycle regulation and

enhances their proliferation.

Id proteins are a family of four helix-loop-helix (HLH) pro-
teins (Id-1 to Id-4) initially recognized as growth factor-induc-
ible genes that inhibit cellular differentiation (5, 36). These
proteins lack the basic amino acid sequence characteristic of
basic HLH (bHLH) transcription factors that is necessary for
DNA binding and target gene transcription (5). Instead, Id
proteins bind to bHLH transcription factors and form non-
functional heterodimers, thereby acting as naturally occurring
dominant-negative inhibitors (5).

Although Id proteins have traditionally been viewed as neg-
ative regulators of cell differentiation, recent studies indicate
they have wider biological roles, including cell cycle regulation,
embryonic development, cell death, and tumorigenesis (36).
Several of these functions may be related to recently described
interactions of Id proteins with certain non-HLH proteins,
including ETS transcription factors, pRb, the pocket proteins
p107 and p130, MIDAI, and Pax proteins (22, 51). With re-
spect to normal cell cycle regulation, Id genes are induced in
the G, phase and expression is down regulated in quiescent,
senescent, or terminally differentiated cells. These proteins can
promote cell cycle progression through several distinct mech-
anisms. Id proteins prevent expression of the cyclin-dependent
kinase inhibitor (CDKI) p21 by blocking bHLH transcription
factor activity (41). Id-2 and Id-4, but not Id-1 or 1d-3, directly
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interact with pRb, p107, and p130 and stimulate cell cycle
progression by preventing pRb/E2F interactions (22, 26). Fi-
nally, Id-1 appears to regulate proliferation by repressing p16
expression through direct interactions with the p16 promoter
and/or inactivation of ETS2 transcription factors (2, 37).

Given the role of Id proteins in cellular differentiation and
cell cycle regulation, it is not surprising that Id genes display an
altered expression pattern in some tumor cells. Id-1 expression
has been demonstrated in several primary human tumors, in-
cluding squamous cell carcinoma and endometrial, breast, and
cervical cancers (3, 25, 31, 32, 45, 47). Studies have also found
higher levels of Id-1 in invasive or high-grade tumors, indicat-
ing a possible correlation with more-aggressive disease (31,
47). A potential role for Id proteins in tumorigenesis has been
supported experimentally in several cell types forced to over-
express Id-1. Recent studies have found that Id-1 overexpres-
sion in human keratinocytes and endothelial cells (ECs) sig-
nificantly delayed the onset of cellular senescence (35, 48).
However, other studies indicate that sustained elevation of
Id-1 expression may lead to cellular transformation. Alani et al.
demonstrated that overexpression of Id-1 in human keratino-
cytes resulted in immortalization of the cells, which was char-
acterized by telomerase activity and inhibition of pRb function
(1).

Kaposi’s sarcoma (KS) is the most common neoplasm in
AIDS patients. The pathogenesis of this disease is complex and
not well understood; however, in recent years, it has become
clear that KS-associated herpesvirus (KSHV) (also known as
human herpesvirus 8) is the likely etiologic agent of KS (14). A
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vast majority of KS tumor cells in vivo are latently infected with
KSHYV, with less than 1% undergoing lytic cycle replication
(38). The latently infected cells express a limited number of
viral proteins, including the latency-associated nuclear antigen
(LANA, ORF73), viral cyclin (v-cyclin, ORF72), and viral
FLICE inhibitory protein (v-FLIP, ORF71, or K13) (44). Both
v-cyclin and v-FLIP are functionally active homologues of host
cellular proteins (cyclin D and FLIP, respectively) (8, 13, 28).
LANA, however, is a unique multifunctional KSHV protein
that has been shown to be involved in episome maintenance,
transcriptional activation of several cellular and viral genes,
and inhibition of p53 (4, 11, 18, 24, 30, 39).

In an attempt to better understand the pathogenesis of KS,
we evaluated the expression of Id-1 in this disease. 1d-1 levels
were elevated in KS tumor cells both in vitro and in vivo, and
this expression appears to be directly related to KSHV infec-
tion, as ECs (the likely precursor of the KS tumor cell) infected
with KSHV dramatically increase Id-1 expression. Further-
more, forced expression of the LANA protein in ECs signifi-
cantly increases Id-1 levels and appears to be responsible, at
least in part, for the induction seen during viral infection.
These results indicate that Id-1 may be an important mecha-
nism by which KSHV circumvents normal cell cycle control in
ECs, which may have important implications in KS tumor cell
proliferation and the initiation and/or progression of KS.

MATERIALS AND METHODS

Cell culture. Human dermal microvascular ECs were purchased from Cam-
brex Corporation (East Rutherford, N.J.) and cultured in EGM-2MV medium
(Cambrex Corp.) on plates coated with EC attachment factor (Cell Systems,
Kirkland, Wash.). Human umbilical vein ECs were isolated from freshly obtained
human umbilical cords by collagenase treatment as previously described (16).
The cells were plated on gelatin-coated tissue culture dishes and maintained in
EGM-2MV.

KS tumor cells were isolated from primary lesions and characterized as pre-
viously described (17). The cells were plated on tissue culture dishes coated with
EC attachment factor (Cell Systems) and maintained in RPMI 1640 and 20%
fetal bovine serum (FBS) supplemented with 10% Nutridoma HU (Roche Mo-
lecular Biochemicals), 2 mmol of L-glutamine per liter, 100 U of penicillin per ml,
100 pg of streptomycin per ml, 50 wg of gentamicin per ml, 50 pg of EC growth
supplement (ICN Biochemicals, Aurora, Ohio) per ml, and 16 U of heparin per
ml. JSC-1 cells, a KSHV- and Epstein-Barr virus (EBV)-positive cell line, was
kindly provided by Richard Ambinder, and cultured in RPMI 1640 supple-
mented with 15% FBS and 5% normal human AB serum (7, 10).

Replicative capacity and cell proliferation. Population doublings (PD) were
calculated as described previously (48). With microvascular ECs, this calculated
value represents the replicative capacity in our experiments and does not include
proliferation prior to passage 3 (the passage provided by the manufacturer).
Therefore, the PD value is slightly lower than that reported by other investigators
(50). Cell proliferation was also evaluated using 5-bromo-2’-deoxyuridine
(BrdU) labeling (BrdU enzyme-linked immunosorbent assay [ELISA]; Roche
Molecular Biomedicals, Indianapolis, Ind.). Briefly, ECs were plated at 10* cells/
well in a 96-well plate and incubated overnight. Fresh medium (100 wl) and
BrdU (10 nM) were added to the cells, and the plates were incubated for 5 h at
37°C. The labeling medium was then removed, and the cells were fixed for 1 h at
room temperature with FixDenat (200 pl) prior to labeling with a peroxidase-
labeled BrdU antibody. After 60 min, the wells were washed, and 100 ul of
tetramethyl-benzidine (TMB) substrate was added for color development. Re-
sults were read on an ELISA plate reader at 4,45 to A,9,. Statistical differences
between each group were determined by analysis of variance.

KSHYV infection of ECs. ECs were infected with KSHV by the method de-
scribed by Ciufo et al. (10). Briefly, JSC-1 cells (10° cells/ml) were stimulated
with 20 ng of 12-O-tetradecanoylphorbol 13-acetate (TPA) per ml for 96 h, and
the supernatant was harvested and filtered through a 0.45-pm-pore-size filter.
The virus-containing supernatant was centrifuged at 20,000 X g for 2.5 h at 4°C
to pellet the virus. The pellet was resuspended in EBM medium (Cambrex Corp)
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and immediately used to infect ECs. Following a 2-h adsorption step, complete
EGM-2MV medium was added to the cells, and they were maintained using
identical conditions to untreated ECs.

Infection of the ECs was characterized by immunostaining for the KSHV
LANA protein (see below) and reverse transcriptase PCR (RT-PCR) to detect
KSHYV and EBV transcripts. RT-PCR was performed using standard methodol-
ogies as described previously (14). Primers used for analysis included ORF73
(LANA) (5'-AAG CGG TGG CCT TTG AGA AG-3' and 5'-TGG AAG TCC
CAC AGT GTT CAC-3"), EBNA-1 (5'-CTC CCT TTA CAA CCT AAG GC-3’
and 5'-CAA GGT CCT TAA TCG CAT CC-3’), and glyceraldehyde-3-phos-
phate dehydrogenase (5'-GGT AAG GAG ATG CTG CAT TCG C-3' and
5'-GCC ATG GGT GGA ATC ATA TTG G-3").

For experiments utilizing conditioned medium, KSHV-infected ECs were cul-
tured for 3 days with no fresh medium added. The conditioned medium was
collected and centrifuged briefly to remove contaminating cells. The supernatant
was harvested and used either directly or as a 3:1 mixture with fresh medium for
experiments as stated below in Results. Virus-depleted conditioned medium was
prepared by centrifuging the medium at 20,000 X g for 2.5 h at 4°C. Under these
conditions, KSHV was no longer detected in the conditioned medium by PCR
(data not shown).

Immuneostaining. Five-micron-thick, formalin-fixed, paraffin-embedded tissue
sections were dewaxed in xylene and ethanol, rehydrated, and briefly microwaved
in citrate buffer (0.01 mol/liter) (pH 6.0) to optimize antigen retrieval (17).
Sections were immunostained to detect Id-1 (SC-488; Santa Cruz Biotechnology,
Santa Cruz, Calif.) using a highly sensitive avidin-biotin immunoperoxidase tech-
nique (Vectastain ABC kit; Vector Laboratories, Burlingame, Calif.) as de-
scribed previously (17). To detect KSHV-encoded proteins in KSHV-infected
ECs, cytospin cell preparations or cells grown on LabTek Slide Systems (Nalge
Nunc International, Naperville, Ill.) were fixed and stained using the Vectastain
system and anti-LANA, anti-ORF59, or anti-K8.1 antibodies (kindly provided by
Bala Chandran). As LANA is expressed at low levels in infected cells, slides were
processed both with and without a 3-min tyramide signal amplification (TSA
Biotin system; Perkin-Elmer Life Sciences, Boston, Mass.) according to the
manufacturer’s instructions.

Western blot analysis. Whole-cell extracts were prepared by lysing cells in
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) buffer
containing a mixture of protease inhibitors (Mini-Complete; Roche Molecular
Biochemicals), incubating the cells for 20 min on ice, and centrifuging to remove
insoluble cellular debris (29). Protein concentration was determined using a
Bradford Assay kit (Bio-Rad Laboratories, Hercules, Calif.). Protein (15 to 50
pg) was loaded on a sodium dodecyl sulfate-polyacrylamide gel (12.5% or 4 to
20% gradient polyacrylamide), transferred to an Immobilon-P (polyvinylidene
difluoride) membrane, and blocked with 5% powdered milk in TBST (50 mM
Tris [pH 7.5], 150 mM NaCl, 0.01% Tween 20). The membrane was then
incubated with primary antibodies diluted in 2.5% powdered milk in TBST,
washed extensively, and incubated with horseradish peroxidase-conjugated spe-
cies-specific secondary antibodies (Amersham Biosciences, Piscataway, N.J.).
Proteins were visualized with ECL reagents (Amersham Biosciences) according
to the manufacturer’s instructions. Even loading of proteins in the wells were
confirmed by Ponceau S staining. Antibodies against Id-1 (SC-488), p21 (SC-
397), p16 (SC-468), and p27 (SC-528) were purchased from Santa Cruz Biotech-
nology. The company certifies that the Id-1 antibody was prepared to the C
terminus of the protein (a unique region) and does not cross-react with other
members of the Id protein family (Id-2, Id-3, or 1d-4). The Flag M2 antibody was
purchased from Sigma-Aldrich Corp. (St. Louis, Mo.), and actin antibody (clone
C4) was purchased from ICN Biomedicals, Inc. (Aurora, Ohio). Differences in
protein expression were determined by densitometry analysis using Scion Image
software (Scion Corporation, Frederick, Md.).

As our previous studies have demonstrated that Id-1 levels steadily decrease in
normal ECs as the number of passages in culture increases, each Western blot
experiment was performed using control ECs from the same donor at the same
passage (48). A majority of the experiments, unless otherwise noted, were per-
formed on “mid-passage” cells (passage 7 to 9) so that control cells expressed
moderate levels of 1d-1 for comparison purposes.

Retroviral expression vectors and transduction of ECs. The LZRS vector was
provided by Paul Khavari (35). The coding sequence for LANA was subcloned
from pSGS-LANA (kindly provided by Kenneth Kaye), the sequences for v-
cyclin and v-FLIP were amplified using RT-PCR as described previously, and the
products were inserted into the LZRS vector using directional cloning (13, 20).
Each construct contained an N-terminal Flag tag for rapid detection by Western
blotting or flow cytometry. The Phoenix-Ampo retroviral packaging cells were
obtained from the American Type Culture Collection with permission from
Garry P. Nolan (23). The packaging cells were cultured in Dulbecco modified
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FIG. 1. (A) Western blot analysis of Id-1 expression in ECs and KS tumor cells in culture. KS cells demonstrated higher levels of I1d-1 protein
than ECs. The following increases in Id-1 expression compared to that in ECs were found: at passage 3 (P3), 2.0-fold increase for KS1 cells and 3.0-
fold increase for KS2 cells; at P7, 9.4-fold increase for KS1 and 10.6-fold increase for KS2; at P11, 37.0-fold increase for KS1 and 42.0-fold increase
for KS2. The levels of Id-1 were 32.5- and 36.0-fold higher in KS1 and KS2 cells at P15 than in ECs at P11 (ECs were senescent at P11 in this
experiment; therefore, a passage-paired control for P15 KS cells was not available). The blot was probed for expression of Id-1 and reprobed for
actin to demonstrate equal loading of the proteins. A representative experiment of two independent experiments is shown. (B) Immunohisto-
chemical staining for Id-1 in KS lesions. The spindle-shaped tumor cells of KS lesions were highly positive for Id-1 as demonstrated by the intense
positive (red reaction product) staining (indicated by the arrows in micrographs A and B). The characteristic “slit-like” vascular spaces and normal
ECs adjacent to the lesion were also positive for Id-1 (indicated by the arrows in micrographs A and B). Smooth muscle cells, which are known
to express Id-1, served as an internal positive control (arrow in micrograph C). Quiescent ECs in normal human skin did not constitutively express
Id-1 as expected (arrow in micrograph D). The results are representative of six cutaneous KS nodules from six different patients immunostained
for Id-1.

Eagle medium containing 10% FBS and transfected with the LZRS vectors using
standard CaCl, and 2X Hanks balanced salt solution methodologies. After
overnight incubation of the cells, fresh medium was added, and the cells were
incubated at 32°C for an additional 24 to 48 h. The retrovirus-containing super-
natants were collected, filtered to remove contaminating cells, and used to infect
ECs.

ECs were seeded into six-well plates and infected with 1 ml of viral supernatant
in the presence of 8 pug of Polybrene per ml for 1 h at 32°C. After the cells were
infected, fresh medium was added, and the cells were incubated overnight at
37°C in 5% CO,. The cells were then washed and propagated using standard
tissue culture techniques. The LZRS vector containing green fluorescent protein
(GFP) was used as a control to determine infection efficiency. Studies showed
that we could reproducibly infect more than 85% of ECs (range, 87.4 to 93%)
with the LZRS-GFP vector under these experimental conditions (data not
shown). To confirm expression of the KSHV proteins in the transduced cells,
flow cytometry was performed using saponin for cell permeabilization as de-
scribed previously (17). Transduced cell cultures were utilized only if more than
50% of the cells were found to be expressing the viral protein.

Northern blot analysis. Northern blot analysis was performed as previously
described (33). Briefly, total RNA was extracted from cells using Trizol reagent
(Invitrogen, Carlsbad, Calif.) following the manufacturer’s instructions. Total

RNA (12 pg) was fractionated on a 1% agarose formaldehyde gel and trans-
ferred to a nylon membrane (Zetabind; Cuno, Inc., Meriden, Conn.). The blot
was prehybridized with Church’s hybridization buffer and probed with 3*P-la-
beled dCTP probes generated using gel-purified PCR products and a random
prime label kit (Roche Molecular Biochemicals). The blots were washed with
sodium phosphate buffers containing sodium dodecyl sulfate, EDTA, and bovine
serum albumin and exposed to Kodak film. Differences in mRNA expression
were determined by densitometry analysis using Scion Image software.

RESULTS

Id-1 is expressed in KS tumor cells. As Id-1 is expressed in
normal ECs and has been shown to be upregulated in some
tumors, experiments were designed to investigate expression of
this protein in KS tumor cells in vitro. ECs and KS tumor cells
(derived from two different patients) were grown in culture,
and protein was isolated at every other passage. Although the
ECs became senescent at passage 11, the KS tumor cells were
actively growing in culture through passage 15 (the last passage
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FIG. 2. (A) Immunostaining of KSHV-infected ECs for LANA. Note the intense positive red reaction product in the nuclei of the KSHV-
infected ECs (EC+KSHYV). KSHV-infected ECs were cultured in LabTek chambers to preserve their spindle-shaped morphology during staining.
Normal ECs (negative control) and BC-3 (positive control) cells are cytospin preparations and do not show cellular morphology. (B) Western blot
analysis of Id-1 expression in ECs and KSHV-infected ECs (EC+KSHYV). KSHV-infected cells expressed significantly higher levels of Id-1 than
paired, control ECs. KSHV-infected ECs at passage 10 (P10) and P14 exhibited 11.3- and 25.3-fold increases, respectively, in Id-1 expression com-
pared to Id-1 expression of ECs at the same passage number. The blot was probed for expression of Id-1 and reprobed for actin to demonstrate equal
loading of the proteins. A representative experiment is shown. At least three independent experiments were performed and gave similar results.

analyzed). Western blot analysis demonstrated significantly
higher levels of Id-1 in KS tumor cells than ECs at all passages
tested (Fig. 1A). The ECs showed a marked decrease in Id-1 as
they were passaged in culture as previously described; how-
ever, Id-1 expression persisted in both KS tumor cell lines
through passage 7 after which the levels gradually began to
decline (Fig. 1A) (48).

As previous studies have found that in vitro, KS tumor cells
lose KSHV infection, the KS cells used in this experiment were
immunostained for LANA at select passages (15, 27). The
results demonstrated that KS1 and KS2 cells at passage 3 were
LANA positive, although the positive signal was detected only
in some cells (data not shown). By passage 5, LANA positivity
was not detected in either KS tumor cell culture by immuno-
staining (data not shown).

Id-1 is expressed in KS tumors in vivo. To confirm and
extend these results, paraffin-embedded tissue sections from
KS tumor nodules were immunostained for Id-1, and the re-
sults were compared to those for normal human skin. The
results demonstrated intense positive staining for Id-1 in the

spindle-shaped tumor cells, the characteristic “slit-like” vascu-
lar structures, and ECs surrounding this angiogenic lesion (Fig.
1B). Smooth muscle cells were positive for Id-1, providing an
internal positive control, while quiescent ECs in normal human
skin did not express Id-1 (Fig. 1B).

Infection of ECs with KSHV induces Id-1 expression. To
determine whether KSHV infection was responsible for ele-
vated Id protein expression in KS, normal human microvascu-
lar ECs were infected with KSHV using the method described
by Ciufo et al. (10). Within days of infection, KSHV could be
detected in a modest number of the cells as determined by
immunostaining for LANA. However, as the cells were pas-
saged in culture, the percentage of KSHV-infected cells in-
creased as previously described (10). In our studies, 70 to 90%
of the cells demonstrated KSHYV positivity after approximately
30 days in culture (data not shown). The morphology of the
infected ECs changed from the typical cobblestone shapes seen
in EC cultures to elongated, spindle-shaped cells reminiscent
of the classic appearance of KS tumor cells (Fig. 2A). A vast
majority of the cells were latently infected, as indicated by
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FIG. 3. (A) Infection of ECs with KSHV had no effect on EC
proliferation as determined by BrdU incorporation (n.s., not signifi-
cant). Similarly, transduction of ECs with the empty LZRS vector or
with LZRS-vFLIP had no effect on proliferation. In contrast, expres-
sion of v-cyclin or LANA in ECs resulted in a small, but statistically
significant, increase in cell proliferation (absorbance values of 1.14 *=
0.03 for v-cyclin-transduced ECs [EC+v-cyclin] and 1.17 * 0.04 for
LANA-transfected ECs [EC+LANA] were significantly different [P <
0.05] from the 0.96 £ 0.03 value for ECs). Four independent experi-
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positive nuclear immunostaining for LANA (Fig. 2A), and only
a small percentage were undergoing spontaneous reactivation
(3.0 to 6.7% ORF59 positive and 1.5 to 2.7% KS8.1 positive
[data not shown]). Cells were not utilized in subsequent exper-
iments unless a majority (more than 50%) were LANA positive
with immunostaining. As JSC-1 cells, the source of KSHV for
infection, are coinfected with EBV, KSHV-infected ECs were
also tested for the presence of this virus. RT-PCR revealed no
evidence of EBV infection in the KSHV-infected EC cultures
as previously described (data not shown) (10).

Total cellular protein was isolated from KSHV-infected ECs
and paired, uninfected ECs, and expression of Id-1 was eval-
uated by Western blotting. As shown in Fig. 2B, KSHV-in-
fected ECs contained significantly higher levels of Id-1 than
uninfected, control ECs (average fold increase of 27.3 * 4.6).
The levels of Id-1 appeared to increase with time in the KSHV-
infected EC cultures, which is likely due to the increase in the
number of infected cells found in later passages (Fig. 2B). This
is in contrast to normal ECs, which show a steady decrease in
Id-1 levels as the cells are passaged in culture (48).

As Id-1 is normally associated with increased replication,
BrdU incorporation experiments were performed to compare
proliferation rates between paired EC and KSHV-infected EC
cultures. As shown in Fig. 3A, no difference in BrdU incorpo-
ration was found between ECs (average absorbance, 0.90 =
0.02) and KSHV-infected ECs (average absorbance, 0.95 =
0.07). To evaluate overall replicative capacity of the cells, PD
were also calculated. The results demonstrated that KSHV-
infected ECs and uninfected ECs grew similarly, and despite
high levels of Id-1, the infected cells appeared to have little
proliferative advantage (Fig. 3B). This finding was consistent
with previously published results (10). Western blot analysis
was then utilized to further investigate these findings and ex-
amine expression of CDKIs in infected and uninfected cells.
Under our experimental conditions, KSHV infection of ECs
resulted in an induction of p16 and p21 (average fold increases
of 8.6 + 4.8 and 2.9 + 0.42, respectively) but not p27 (average
fold increase of 1.0 = 0.1) compared to control ECs (Fig. 3C).

Soluble factors released from KSHV-infected cells play a
minor role in Id-1 induction. To determine whether factors
released by KSHV-infected ECs, such as cytokines and/or
growth factors, were responsible for the induction of Id-1, we
examined Id-1 expression in ECs cultured in conditioned me-
dium collected from either normal or KSHV-infected ECs.
ECs grown in medium from uninfected cells showed no induc-

ments were performed. (B) Infection with KSHV had little to no effect
on the proliferative capacity of ECs. Population doubling (PD) was
calculated in three independent experiments, and a representative
experiment is shown. It should be noted, however, that in several
experiments, including some in which PD was not calculated, the
KSHV-infected ECs (EC+KSHV) appeared to grow slower than the
uninfected ECs during the early passages immediately after infection.
(C) Western blot analysis of CDKI expression in KSHV-infected ECs.
A representative experiment is shown where expression of the follow-
ing proteins in KSHV-infected ECs (EC+KSHV) was analyzed and
compared to expression in ECs: Id-1 (24.8-fold increase), p16 (14.5-
fold increase), p21 (2.7-fold increase), and p27 (1.0-fold increase). The
blot was probed for expression of the proteins and reprobed for actin
to demonstrate equal loading of the proteins. Three independent ex-
periments were performed and gave similar results.
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FIG. 4. Western blot analysis of Id-1 protein expression in ECs
cultured in conditioned medium. (A) ECs were grown in medium (None)
as a control. ECs were cultured in conditioned medium (C.M.) collect-
ed from normal ECs. ECs were also cultured in virus-depleted, con-
ditioned medium from KSHV-infected ECs (KSHV +, depleted C.M.)
and in conditioned medium from KSHV-infected ECs (KSHV+, not
depleted C.M.). ECs grown in conditioned medium collected from nor-
mal ECs had a 1.1-fold increase in Id-1 expression compared to that in
control ECs. ECs cultured in virus-depleted, conditioned medium from
KSHV-infected ECs had a 2.8-fold increase in Id-1 compared to that
in control ECs, and ECs cultured in conditioned medium from KSHV-
infected ECs had a 4.3-fold increase compared to that in control ECs.
(B) Id-1 expression in ECs grown in medium (None) (as a control),
KSHV-infected ECs (KSHV), ECs cultured in conditioned medium
collected from normal ECs (C.M.), and ECs grown in conditioned me-
dium from KSHV-infected ECs (KSHV C.M.). The fold increases in
Id-1 expression compared to that in control ECs were 37.0 for KSHV-
infected ECs, 1.7 for ECs cultured in conditioned medium collected
from normal ECs, and 8.0 for ECs cultured in conditioned medium
from KSHV-infected ECs. In each panel, the blot was probed for
expression of Id-1 and reprobed for actin to demonstrate equal loading
of the proteins. Representative experiments are shown. At least three
independent experiments were performed and gave similar results.

— 1d-1

tion of Id-1 (average fold increase of 1.5 = 0.9), while ECs
cultured in conditioned medium from infected cells demon-
strated a definitive increase in Id-1 expression (average fold
increase of 6.0 *= 3.5-fold) (Fig. 4). As conditioned medium
from the infected cells may contain infectious KSHV virions,
which would complicate interpretation of the results, samples
of the medium were centrifuged to pellet contaminating virus.
KSHYV could not be detected in this virus-depleted medium by
PCR, although it was readily detected in the medium prior to
centrifugation (data not shown). Virus-depleted conditioned
medium was less effective (average fold increase of 3.5 = 2.0)
than untreated medium in inducing Id-1 expression (Fig. 4A),
indicating that infectious virions were responsible, in part, for
the Id-1 induction with conditioned medium treatment. How-
ever, the induction of Id-1 in cells cultured in conditioned
medium was not nearly as dramatic as in the KSHV-infected
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FIG. 5. Western blot analysis for expression of Flag-tagged KSHV
proteins in transduced ECs. (A) Expression of Flag-tagged KSHV
proteins in ECs (as a control), ECs transduced with the empty LZRS
retroviral vector (EC+vector), and ECs transduced with LZRS-v-cy-
clin (EC+v-cyclin). Note the band at approximately 30 kDa for ECs
transduced with LZRS-v-cyclin. The Western blot was probed for
expression of Flag to demonstrate expression of the viral protein and
reprobed for actin (band at approximately 42 kDa) to demonstrate
equal loading of proteins. (B) Expression of Flag-tagged KSHV pro-
teins in ECs, ECs transduced with the empty LZRS retroviral vector
(EC+vector), and ECs transduced with LZRS-v-FLIP. Note the band
at approximately 22 kDa for ECs transduced with LZRS-v-FLIP. The
Western blot was probed for expression of Flag and reprobed for actin.
(C) Expression of Flag-tagged KSHV proteins in ECs, ECs transduced
with the empty LZRS retroviral vector (EC+vector), and ECs trans-
duced with LZRS-LANA. Note the band at approximately 240 kDa for
ECs transduced with LZRS-LANA. The blot was probed for expres-
sion of LANA using a rabbit polyclonal anti-LANA antibody and re-
probed for actin. A representative experiment is shown. At least three
independent experiments were performed and gave similar results.

cells from which the conditioned medium was derived (average
fold increase of 27.3 = 4.6 [Fig. 4B]). This result suggests that
infection of ECs with KSHV is primarily responsible for the
induction of Id-1 and that soluble factors released from the
infected cells play a minor role under our experimental con-
ditions.
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FIG. 6. Western blot analysis for expression of Id-1 in transduced
ECs. (A) Expression of Id-1 in ECs, ECs transduced with the empty
LZRS retroviral vector (EC+vector), and ECs transduced with LZRS-
v-cyclin. ECs transduced with the empty LZRS retroviral vector had a
0.8-fold increase in Id-1 expression compared to that in control ECs,
while ECs transduced with LZRS-v-cyclin had a 7.0-fold increase com-
pared to control ECs. (B) Expression of Id-1 in ECs, ECs transduced
with the empty LZRS retroviral vector, and ECs transduced with
LZRS-v-FLIP. ECs transduced with the empty LZRS retroviral vector
had a 1.0-fold increase in Id-1 expression compared to that in control
ECs, while ECs transduced with LZRS-v-FLIP had a 0.8-fold increase
compared to control ECs. (C) Expression of Id-1 in ECs, ECs trans-
duced with the empty LZRS retroviral vector, and ECs transduced
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KSHV-encoded LANA and v-cyclin proteins increase Id-1
expression in ECs. To determine whether expression of laten-
cy-associated KSHV proteins (with an emphasis on LANA,
v-FLIP, and v-cyclin) was involved in Id-1 induction in KSHV-
infected ECs, retroviral expression vectors coding for these
three proteins were created as described in Materials and
Methods. Construct integrity was evaluated using sequence
analysis and/or diagnostic restriction enzyme digestion (data
not shown), in addition to confirming the expression of an
appropriately sized Flag-tagged product by transduced ECs by
Western blot analysis (Fig. 5). Transduced cells were not se-
lected with antibiotics, which could inadvertently select for
clones that had acquired additional mutations affecting prolif-
erative capacity and/or Id protein expression. Instead, hetero-
geneous mixtures of transduced cells were examined by flow
cytometry to confirm expression of the Flag-tagged protein in
a majority of the cells (more than 50% positive) prior to pro-
tein isolation and detection of Id-1 (data not shown).

Western blot analysis of protein extracts from ECs trans-
duced with v-cyclin demonstrated an increase in Id-1 expres-
sion (average fold increase of 5.1 = 1.5), while expression of
v-FLIP had no effect (average fold increase of 0.97 = 0.09)
(Fig. 6A and B). The modest Id-1 induction found in these
experiments was not unexpected, as v-cyclin has been shown to
be functionally active, and higher cyclin levels would promote
cell cycle progression, thereby sustaining Id-1 expression.
Indeed, in experiments evaluating BrdU incorporation, ECs
transduced with v-cyclin showed a small, but statistically sig-
nificant (P < 0.05) increase, in cell proliferation (average ab-
sorbance of 0.96 * 0.03 for untreated ECs and 1.14 = 0.03 for
ECs transduced with v-cyclin [Fig. 3A]). In contrast, LANA
dramatically increased Id-1 expression in ECs (average fold
increase of 44.34 *= 12.9 [Fig. 6C and D]). LANA did not
appear to cause Id-1 induction by simply increasing cellular
proliferation, as BrdU incorporation studies indicate only a
small increase in the proliferation of LANA-transduced ECs
compared to ECs or cells transduced with empty vector (aver-
age absorbance of 0.96 = 0.03 for ECs, 0.99 = 0.04 for vector-
transduced ECs, and 1.17 = 0.04 for LANA-transduced ECs
[Fig. 3A]). This increase in BrdU labeling, although statistically
significant (P < 0.05), appears too small to be solely respon-
sible for the dramatic increase in Id-1 expression seen under
our experimental conditions (Fig. 6C and D). Interestingly, the
level of Id-1 in the LANA-transduced cells was just slightly
lower than that of KSHV-infected ECs analyzed on the same
Western blot as control samples (Fig. 6D).

Transcriptional regulation appears to play a minor role in

with LZRS-LANA. ECs transduced with the empty LZRS retroviral
vector had a 2.0-fold increase in Id-1 expression compared to that of
control ECs, while ECs transduced with LZRS-LANA had a 46-fold
increase compared to control ECs. (D) Expression of Id-1 in ECs,
ECs transduced with LZRS-LANA, and KSHV-infected ECs (EC
+KSHV). ECs transduced with LZRS-LANA had a 68-fold increase
in Id-1 expression compared to that in control ECs, while KSHV-
infected ECs had a 70-fold increase compared to control ECs. In each
panel, the blot was probed for expression of Id-1 and reprobed for
actin to demonstrate equal loading of the proteins. A representative
experiment is shown. At least three independent experiments were
performed and gave similar results.
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FIG. 7. Northern blot analysis for Id-1 mRNA expression. (Left)
Id-1 mRNA expression in ECs and KSHV-infected ECs (EC+KSHV).
The results demonstrated an average fold induction of Id-1 mRNA
after KSHV infection of 3.3 + 2. (Middle) Id-1 mRNA expression in
ECs, ECs transduced with the empty LZRS vector (EC+vector), and
ECs transduced with LZRS-LANA (EC+LANA). The results dem-
onstrated an average fold increase in Id-1 mRNA after transduction
with the empty vector of 1.75 = 0.1, while LANA expression resulted
in a fold increase of 3.2 = 0.2. (Right) Id-1 mRNA expression in ECs
and in ECs serum starved for 18 h prior to the addition of serum-
containing medium. The cells were then cultured in complete medium
for 1 h, and total RNA was extracted. The results demonstrated an
11.3-fold increase in Id-1 mRNA in serum-stimulated cells compared
to untreated ECs. In each panel, the blot was probed for expression of
Id-1 mRNA and reprobed for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) to demonstrate equal loading of RNA. A representa-
tive experiment is shown, and at least two independent experiments
were performed and gave similar results.

Id-1 induction by KSHYV. Interestingly, induction of Id-1 in
KSHV-infected ECs has not been reported previously in stud-
ies utilizing microarray technology to identify genes induced in
infected versus uninfected cells. Poole et al. analyzed the ex-
pression of more than 11,500 genes in ECs and KSHV-infected
ECs in the presence or absence of TPA stimulation (40). Al-
though Id-1 is present on both the Clontech Human Array 1.2
and the Incyte Unigem version 2.0 microarrays utilized in this
study (Id-1 is listed by an alternate name, inhibitor of DNA
binding 1), this gene was not identified by the researchers as
significantly modulated.

Therefore, Northern blot analysis was performed to examine
Id-1 mRNA expression under our experimental conditions.
There was only a modest increase in Id-1 mRNA following
KSHYV infection of ECs (average fold increase of 3.3 * 2.0)
compared to paired, uninfected ECs (Fig. 7). Similarly, Id-1
was not significantly induced in ECs transduced with empty
vector (average fold increase of 1.75 = 0.1) or ECs transduced
with LANA (average fold increase of 3.2 = 0.2) (Fig. 7). As a
control, induction of Id-1 mRNA expression in serum-stimu-
lated ECs is shown. ECs were serum starved overnight, and
serum-containing medium was added to the cultures 1 h prior
to RNA isolation. Addition of complete medium resulted in a
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rapid increase in Id-1 mRNA (11.3-fold increase) as previously
described (49). The relatively modest induction of Id-1 mRNA
expression in KSHV-infected and LANA-expressing ECs
(compared to Id-1 mRNA expression after serum starvation as
well as the dramatic increase in protein levels seen in these
cells) may indicate that posttranscriptional regulation plays an
important role in Id-1 expression in this experimental system.
Experiments are in progress to clearly define the mechanism(s)
by which LANA induces Id-1 expression.

DISCUSSION

Since the discovery of KSHV by Chang et al. (9) in 1994,
many investigators have been interested in understanding what
role this virus plays in the development of KS, primary effusion
lymphoma, and a subset of multicentric Castleman’s disease.
In particular, a variety of studies have investigated whether
KSHYV is a transforming virus and have attempted to deter-
mine how this virus alters normal cell cycle regulation, result-
ing in neoplasia. We became interested in studying Id-1 as part
of our ongoing investigations to better understand the patho-
genesis of KS. As Id-1 is a critical factor involved in regulating
the expression of key cell cycle regulatory proteins, such as p16
and p21, modulation of Id-1 expression may be an important,
upstream event facilitating uncontrolled cellular proliferation
(36). In addition, previous studies from our laboratory have
shown that overexpression of Id-1 in human ECs significantly
extends their replication capacity and alters their morphology,
resulting in elongated spindle-shaped cells (48).

In the present study, we demonstrate that Id-1 is expressed
at high levels in KS tumor cells both in vitro and in vivo, while
this protein is expressed at more modest levels in ECs grown in
culture and is not expressed by quiescent ECs in normal hu-
man skin. This finding is consistent with studies reporting el-
evated Id-1 levels in several primary human tumors; however,
it is the first report, to our knowledge, demonstrating overex-
pression in an EC-derived tumor (3, 25, 31, 32, 45, 47). Our
results have also demonstrated that induction of Id-1 in KS
may be related to infection of the cells with KSHV. KSHV-
infected ECs express, on average, 27.3-fold more Id-1 than
paired, control ECs. Furthermore, these studies demonstrate
that expression of the LANA protein dramatically induced
Id-1. KSHV v-cyclin also induced Id-1, but the induction was
modest compared to that of LANA-transduced ECs, and v-
FLIP had no effect on Id-1 expression. Although quantitative
analysis cannot be performed (it is unclear if LANA or v-cyclin
expression using retroviral vectors is similar to that in KSHV-
infected ECs or KS cells in vivo), it is interesting that LANA-
transduced ECs and KSHV-infected ECs induced Id-1 expres-
sion similarly (Fig. 6). Further investigation is needed to
determine whether LANA is primarily responsible for Id-1
induction by KSHV or if other KSHV proteins (including
v-cyclin) also play a significant role.

Although KS tumor cells in vitro clearly overexpress Id-1
compared to ECs, it is unknown why the KS cells expressed
constant levels of Id-1 for at least four passages after the loss
of detectable LANA expression (Fig. 1A). Even though immu-
nostaining is a relatively insensitive method to detect low levels
of protein expression, the loss of detectable LANA after pas-
sage 3 is consistent with previous studies utilizing PCR to
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detect KSHV infection in cultured KS cells (15, 27). It is,
however, possible that the alterations responsible for Id-1 in-
duction by LANA are not immediately reversed following loss
of the virus, allowing for sustained Id-1 expression for a period
of time. The gradual loss of 1d-1 seen in cells at later passages
in this study was not unexpected, as KS tumor cells in culture
are not immortalized and eventually undergo senescence.
Clearly, additional KS tumor cell cultures (only two cultures
were studied in Fig. 1A) need to be examined to determine the
reproducibility of this finding and to examine the mechanism
involved in persistent Id-1 expression.

As Id-1 is expressed in most replicating cells, it could be
argued that KSHV or KSHV LANA increases 1d-1 by provid-
ing a persistent mitogenic signal, resulting in a larger number
of replicating cells and thus an increase in Id-1 as a result of
increased proliferation. We do not believe this is the case for
several reasons. First, increased cell proliferation would result
in higher Id-1 levels based on transcriptional regulation, which
has been shown to be crucial to Id-1 induction in normal
replicating cells (49). Indeed, data presented here (Fig. 7)
show that release of ECs from a block in the G, phase of the
cell cycle (by serum starvation, followed by serum stimulation)
results in an 11.3-fold increase in Id-1 mRNA expression. In
contrast, there is only a modest increase in Id-1 transcription in
KSHV-infected and LANA-transduced ECs (3.3- and 3.2-fold
increases, respectively). These results suggest posttranscrip-
tional regulation may be the predominant mechanism by which
1d-1 is regulated by KSHV. If correct, this conclusion would be
consistent with the results of Poole et al. (40), as posttranscrip-
tional regulation of Id-1 expression would be missed by mi-
croarray analysis despite the dramatic induction of Id-1 protein
demonstrated in the present study. Studies are in progress to
further define the transcriptional and posttranscriptional
mechanisms involved in Id-1 induction by KSHV. Second, the
BrdU incorporation and PD data (Fig. 3A and B) indicate that
KSHV-infected ECs are not replicating faster than uninfected
cells. In fact, in several experiments, ECs grew more slowly
after infection than normal ECs. It is unclear whether the slight
increase in cell proliferation noted in the BrdU studies with
LANA- and v-cyclin-transduced ECs is physiologically impor-
tant. It is, however, interesting that there was no difference in
the proliferation of the v-cyclin- and LANA-transduced ECs
despite the dramatic differences in Id-1 protein expression
found in these cells. Finally, studies by Hollnagel et al. (21)
found that stimulation of ECs with bone morphogenetic pro-
teins induced Id-1 expression, which did not correlate with
DNA synthesis as indicated in [*H]thymidine incorporation
assays. This result indicates Id-1 levels can be regulated post-
transcriptionally and supports our conclusion.

It is currently unknown how LANA induces Id-1 expression.
On the basis of the Northern blot analysis shown in Fig. 7, we
hypothesize that Id-1 expression under our experimental con-
ditions may be regulated primarily through a posttranscrip-
tional mechanism. Previous studies have demonstrated post-
transcriptional regulation of Id proteins via expression of splice
variants and stabilization of Id proteins through heterodimer-
ization with bHLH transcription factors (12, 34, 46). Our
Northern blot data do not indicate expression of the Id-1 splice
variant (termed Id-1") in this system. However, it is possible
that Id-1 binds to proteins (potentially LANA or HLH pro-
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teins), preventing its degradation by the ubiquitin-proteasome
pathway (6). Previous studies have shown that LANA can
interact with several cellular proteins, including pRb and p53
(18, 42). Furthermore, Id proteins are known to interact with
various HLH and non-HLH proteins, including pRb. Taken
together, these findings indicate that stabilization of Id-1 ex-
pression through binding of Id-1 to LANA or other proteins is
a plausible explanation. Alternatively, it is possible that the
modest mRNA induction seen in our Northern blot analysis
directs substantial protein expression. If this were the case,
then LANA may increase Id-1 by inducing expression of tran-
scription factors, such as Egr-1, that have been shown to acti-
vate the Id-1 promoter (34, 49). However, studies have also
demonstrated that LANA can directly bind DNA and can
induce transcription of its own promoter (19, 43). Therefore,
LANA may bind to the Id-1 promoter and directly induce
protein expression.

Despite high Id-1 levels, KSHV-infected ECs appear to have
little to no advantage in overall replicative capacity; a finding
that is consistent with results published by Ciufo et al. (10).
This may be due to the upregulation of p16 (and to a lesser
extent p21), which was also detected in the infected cells.
Studies from our laboratory showing that expression of high
pl6 levels in ECs can overcome Id-1 overexpression, resulting
in cellular senescence, support this hypothesis (48). However,
the induction of p16 in infected cells in vitro may be related to
culture conditions, which can only partially mimic the micro-
environment of KS tumor cells in vivo. Preliminary studies
indicate that the tumor cells in KS nodules in vivo are weakly
positive for pl6, as shown by immunostaining (unpublished
observation); therefore, overexpression of Id-1 in these cells
may be biologically important in extending replicative capacity.
Alternatively, another mechanism may be responsible for se-
nescence of KSHV-infected ECs in vitro. Factors, such as pRb,
that act downstream of CDKI activity may be modulated under
KSHV-infected EC culture conditions, resulting in senescence.

In conclusion, the overexpression of Id-1 in KS tumor cells
may be an important mechanism in enhancing cellular repli-
cative capacity. As Id proteins have been associated with tu-
morigenesis either as an oncogene or a cooperative oncogene,
induction of Id-1 by the KSHV LANA protein may be an
important early event in the pathogenesis of KS. Further stud-
ies are necessary to determine the biological relevance of this
novel finding.
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