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Cells have intrinsic defenses against virus infection, acting before the innate or the adaptive immune
response. Preexisting antiviral proteins such as PML, Daxx, and Sp100 are stored in specific nuclear domains
(ND10). In herpes simplex virus type 1 (HSV-1), the immediate-early protein ICP0 serves as a counterdefense
through degradation of the detrimental protein PML. We asked whether interferon (IFN)-upregulated Sp100
is similarly antagonized by ICP0 in normal human fibroblasts by using a selective-knockdown approach. We
find that of the four Sp100 isoforms, the three containing a SAND domain block the transcription of HSV-1
proteins ICP0 and ICP4 at the promoter level and that IFN changes the differential splicing of the Sp100
transcript in favor of the inhibitor Sp100C. At the protein level, ICP0 activity does not lead to the hydrolysis
of any of the Sp100 isoforms. The SAND domain-containing isoforms are not general inhibitors of viral
promoters, as the activity of the major immediate-early cytomegalovirus promoter is not diminished, whereas
the long terminal repeat of a retrovirus, like the ICP0 promoter, is strongly inhibited. Since we could not find
a specific promoter region in the ICP0 gene that responds to the SAND domain-containing isoforms, we
questioned whether Sp100 could act through other antiviral proteins such as PML. We find that all four Sp100
isoforms stabilize ND10 and protect PML from ICP0-based hydrolysis. Loss of either all PML isoforms or all
Sp100 isoforms reduces the opposite constituent ND10 protein, suggesting that various interdependent mech-
anisms of ND10-based proteins inhibit virus infection at the immediate-early level.

Herpes simplex virus type 1 (HSV-1) is a common human
pathogen that causes recurrent infections through its ability to
establish a latent state in sensory ganglia after primary epithe-
lial infection (for a general review, see reference 43). During
lytic infection, HSV-1 tegument protein VP16 efficiently redi-
rects the host’s transcriptional machinery to express viral genes
in a tightly regulated temporal cascade consisting of the se-
quential expression of three gene classes: the immediate-early
(IE), delayed-early (DE), and late (L) genes. The five IE genes
(ICP0, -4, -22, -27, and -47) are expressed shortly after entry
into the host cell, and they are essential for efficient expression
of DE genes, the majority of which encode proteins involved in
viral DNA replication, as well as L genes, which encode pre-
dominantly structural proteins.

ICP0 is a RING finger E3 ubiquitin ligase (3) that is re-
quired for efficient entry into the lytic cycle and is essential for
the reactivation of latent or quiescent genomes (reviewed in
references 10, 11, 21–23, and 42). ICP0 influences many cellu-
lar pathways, and one of its most prominent activities is its
ability to localize to and disrupt nuclear substructures known
as ND10 (also known as PML nuclear bodies; reviewed in
references 8, 12, and 31). This disruption occurs through ICP0-
induced degradation of PML (14), the key component of
ND10 that is required for the assembly of these structures (26,

53). During lytic infection, the RING finger of ICP0 is able to
recruit UbcH5a and UbcH6 (3), which are required for effi-
cient degradation of PML and Sp100 (20). HSV-1 mutants that
do not express ICP0 or that express mutant ICP0 proteins that
lack RING finger activity are unable to degrade PML and
disrupt ND10 (3, 9, 14, 32, 33). Such HSV-1 mutants have a
profound defect in gene expression, especially after infection
of human fibroblasts (7, 17, 46, 47).

Although viral IE gene expression is decreased in cells pre-
treated with interferons (IFNs) (35, 40, 41), HSV-1 is relatively
resistant to the effects of IFNs in cell culture, in part by coun-
teracting an IFN-induced block to virus transcription (24, 36,
37). ICP34.5 and ICP0 are two HSV-1 protein components of
IFN resistance (24, 37), and ICP0 is sufficient to inhibit the
activation of IFN-stimulated genes (6). The major function of
ICP34.5 is to counteract PKR phosphorylation of eIE2 in the
cytoplasm, whereas the major function of ICP0 takes place in
the nucleus. However, in the absence of ICP0, HSV-1 can still
inhibit the expression of IFN-stimulated genes and can repli-
cate, but only at a high multiplicity of infection (MOI). This
suggests that more than one viral gene product inhibits the
intrinsic cellular defense (37) and that ICP0 may enhance the
expression of those viral genes.

Like PML, Sp100 is IFN upregulated and is part of an
intrinsic defense mechanism (5, 29). Sp100 is a single-copy
gene located on human chromosome 2q37 (50) that gives rise
to a number of alternatively spliced Sp100 variants. Sp100B
contains a SAND domain, Sp100HMG contains a SAND do-
main and an HMG box, and newly described Sp100C contains
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SAND, PHD, and Bromo domains (19, 45; Fig. 1A contains a
schematic representation). All of these isoforms share the N-
terminal 476 amino acids with the most abundant isoform,
Sp100A, a protein of 480 amino acids, which aberrantly mi-
grates at 100 kDa. Sp100A most likely does not bind to DNA
alone but may be recruited to DNA via association with DNA-
binding proteins such as hHMG2/DSP1 (30), the B-cell-spe-
cific transactivator Bright (54), or ETS-1 (49). While interac-
tion of Sp100 with hHMG2/DSP1 or Bright mediates
transcriptional repression, binding to ETS-1 stimulates the ex-
pression of ETS-1 target genes in one condition (49) and
repression in the others (51, 52). Interestingly, two other pro-
teins of the Sp family, Sp110 and Sp140, contain the same
motifs and all of the genes of this family encode a SAND
domain (named after Sp100, AIRE-1, NucP41/75, and DEAF-
1). SAND domains of AIRE, NUDR, DEAF-1, and GMEB-1,
all transcriptional regulators, bind to DNA. For the Sp100
SAND domain, DNA-binding properties have not been dem-
onstrated but the structure of the SAND domain was recently
resolved and allows speculation about such properties (1). A
highly conserved tryptophan occurs at the DNA-binding inter-
face of the SAND domain of each of these proteins. Unlike
wild-type Sp100B, the Sp100B variant, constructed with a mu-
tation of this tryptophan (W655Q), lost its ability to repress
expression from transfected DNA or infecting virus (39). We
have established that Sp100 isoforms with a SAND domain
(Sp100B, Sp100C, and Sp100HMG) are required for the sup-
pression of IE gene expression in HEp2 cells (39).

We set out to determine whether the IFN repression in
normal human cells changes the ND10-associated repressive
proteins and how these proteins suppress HSV-1 propagation.
We find that the SAND domain-containing Sp100 isoforms
suppress IE HSV-1 proteins at the promoter level and that IFN
changes the splicing pattern of the Sp100 transcript to the
suppressing Sp100C isoform. At the protein level, ICP0 activity
does not lead to the hydrolysis of any of the Sp100 isoforms
and that all four Sp100 isoforms stabilize ND10 and protect
PML from ICP0-based hydrolysis. In this context, we hypoth-
esize that the two constituent ND10-associated proteins inter-
act at various levels in the intrinsic cellular defense against
viruses.

MATERIALS AND METHODS

Expression plasmids. The monomeric red fluorescent protein (RFP)- or green
fluorescent protein (GFP)-tagged Sp100 constructs were described previously
(38, 39). P110 and pCMV-110 were obtained from Roger Everett (Glasgow,
United Kingdom).

Cells and viruses. HEp-2 carcinoma, human embryonic kidney 293 (HEK293),
293-S, and human BJ diploid foreskin fibroblast cells were maintained in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal calf
serum (FCS) and 1% antibiotics. All cells were grown at 37°C in a humidified 5%
CO2 atmosphere. For immunohistochemical staining, cells were grown on round
coverslips in 24-well plates (Corning Glass Inc., Corning, NY) until approxi-
mately 80% confluent before fixation. HSV-1 strain 17� was obtained from
R. D. Everett. Titers of all virus stocks were determined in Vero cells.

Cell infection. In all experiments, replicate cell cultures grown in six-well
plates were either mock infected or exposed to virus at the PFU/cell ratio
indicated in Results. Virus was adsorbed for 1 h at room temperature in DMEM
with 1% FCS. The inoculum was replaced with DMEM supplemented with 10%
FCS and 1% antibiotics, and cultures were incubated for 3 h at 37°C.

Sp100 and PML knockdown. For lentiviral vector-based knockdown, clones
TRCN000019224 (targeting nucleotides 1759 to 1780, 5�-GCCAACACTAGAC
CTTTGAA-3�; these short hairpin RNAs [shRNAs] recognize the targeting

sequence common to the mRNAs of Sp100 isoforms Sp100B, Sp100C, and
Sp100HMG) and TRCN000019227 (targeting nucleotides 716 to 725, 5�-CGCT
AGGAAGCCAACAAACAA-3�; these shRNAs recognize the targeting se-
quence common to the mRNAs of all Sp100 isoforms) were purchased from
Open BioSystems (Huntsville, AL). These lentiviruses expressed The RNAi
Consortium human shRNA from the pLKO.1 vector. pLKO vectors were co-
transfected with packaging plasmids pCMV-VSVG and pCMV-deltaR8.2 into
293T cells on a 6-cm dish by standard calcium phosphate precipitation. Viral
supernatants were collected from transfected 293T cells at 24, 36, and 48 h
posttransfection, clarified by centrifugation, filtered, and used for the infection of
5 � 104 target BJ fibroblasts grown on six-well plates in the presence of 4 �g/ml
Polybrene (Sigma, St. Louis, MO). Stably transduced cell populations were
selected in DMEM with 0.5 �g/ml puromycin for 3 days. To knock down PML,
we used previously characterized siPML2 based on retrovirus vector pSIREN-
RetroQ (16). Retrovirus stocks were prepared by cotransfecting a pSIREN-
RetroQ plasmid with pVSV-G (BD Biosciences) into GP-293 cells.

Indirect immunofluorescence assay. Two days after plating on round glass
coverslips, cells were fixed at room temperature for 15 min with freshly prepared
1% paraformaldehyde in phosphate-buffered saline (PBS) and treated as de-
scribed previously (25). Cells were analyzed with a Leica confocal laser scanning
microscope. Leica image enhancement software was used in balancing signal
strength, and fourfold scanning was used to separate the signal from the noise.
Because of the variability among cells in any culture, the most prevalent cells
were photographed and are presented as small groups of cells at high magnifi-
cation. ND10 proteins were visualized with the following antibodies: monoclonal
antibody (MAb) PG-M3 (1:500 dilution; Santa Cruz Biotechnology, Santa Cruz,
CA), which recognizes PML; rabbit antibody AB1380 (1:1000 dilution; Chemi-
con International, Temecula, CA) against Sp100; anti-ICP0 MAb 11060 (1:5
dilution), which has been described previously (13), and anti-ICP4 MAb (1:2
dilution; American Type Culture Collection, Manassas, VA).

Mammalian cell transfection and reporter assays. HEp-2 cells, HEK293 cells,
or 293-S cells (cells that do not contain Sp100) were cultured in DMEM plus
10% FCS and transfected with plasmids by using the SuperFect (Qiagen) reagent
according to the manufacture’s protocol. For luciferase reporter gene assays, 1 �
105 cells were seeded into each well of a 12-well plate and transfected with a total
of 2 �g of plasmid DNA, which routinely included 0.1 �g of pCMVmin-�-gal to
monitor transfection efficiency. In transfections with increasing doses of effector
plasmids, the total amount of plasmid containing the simian virus 40 or cyto-
megalovirus (CMV) enhancer was maintained by the addition of empty expres-
sion vector pET1. Cells were harvested at 24 to 48 h posttransfection, washed
with PBS, and lysed in 100 �l of hypotonic lysis buffer. The cytoplasmic fraction
was used to measure protein content (1 �l), �-galactosidase activity (2 �l), and
luciferase activity (20 �l). The nuclear fraction was used to check the expression
of effector proteins. Three independent transfections were carried out, and the
mean n-fold repression was calculated relative to the basal luciferase activity
obtained from cells transfected with pET1. Absolute luciferase values and n-fold
activation or repression differed among similar experiments performed on dif-
ferent days. Thus, all of the data within a panel were derived from transfections
performed on the same day and assayed as a set.

Western blotting. Total cellular protein extract was prepared from cells by lysis
as described above, except that radioimmunoprecipitation assay buffer contained
1% sodium dodecyl sulfate. Protein concentration was quantitated by the Brad-
ford method (Bio-Rad Laboratories, Hercules, CA). Total cellular protein (30
�g) was fractionated by 4 to 12% gradient sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and electrotransferred to a nylon membrane by stan-
dard techniques. Immunoblotting was performed with 5% nonfat dry milk in PBS
containing 0.1% Tween 20 as the blocking agent. Filters were blocked overnight
at 4°C, incubated with primary antibody for 1 h at room temperature, washed
three times for 10 min per wash in PBS containing 0.1% Tween 20, and incubated
for 1 h with goat anti-mouse or anti-rabbit immunoglobulin G antibody conju-
gated to horseradish peroxidase (GIBCO/BRL, Rockville, MD) according to the
manufacturer’s recommendations. Filters were washed again as described above,
and reactivity was detected by enhanced chemiluminescence (Amersham Bio-
science Corp., Piscataway, NJ) according to the manufacturer’s recommenda-
tions. The antibodies applied were rabbit anti-Sp100 antibody AB1380 (1:30,000
dilution), rabbit anti-Daxx antibody 2133 (1:300 dilution) (28), MAb anti-ICP0
(1: 50 dilution), MAb anti-ICP4 (1:25 dilution), and MAb anti-GFP B-2 (1: 2,000
dilution) from Santa Cruz Biotechnology (Santa Cruz, CA), and MAb anti-
tubulin (1:10,000 dilution) and MAb anti-FLAG M2 (1:50,000 dilution) from
Sigma (St. Louis, MO).

qRT-PCR. Total RNA was purified from BJ fibroblasts with RNeasy minicol-
umns (Qiagen). For quantitative real-time PCR (qRT-PCR) analysis, 2.5 �g of
total RNA was used to synthesize cDNA with the SuperScript First-Strand
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Synthesis System for RT-PCR (Invitrogen) according to the manufacturer’s
protocol. Fifty nanograms of cDNA was added to quantitative 2 � PCR master
mix, which also contained SYBR green (Applied Biosystems) and each gene-
specific primer at 250 nM. PCR was carried out at 60°C (annealing temperature)
for 40 cycles. The primers used were Sp100A sense (5�-TGGGAACTCCTTTT
TGCATT) and antisense (5�-CAAACGACAATGATGTCAACC), Sp100B
sense (5�-AGGAAGCGATTCAAACAAGGA) and antisense (5�-AGACGAG
ACATTGGCAGAAG), Sp100C sense (5�-AAGCCAATCAGGTCATCAGG)
and antisense (5�-ATGTCCTGCACAAACCCTTC), Sp100HMG sense (5�-TA
GCCCTGTCCTGGTGGTAT) and antisense (5�-TGTCAACAAAACAGCTG
CAA), PML4 sense (5�-GCAGCTCGGAAGACTC) and antisense (5�-GTAGC
CCCAGGAGAAC), and GAPDH sense (5�-CTGGGCTACACTGAGCAC
CAG) and antisense (5�-CCAGCGTCAAAGGTGGAG).

qRT-PCR was performed with triplicate samples and a 348-well plate on a
7900HT Fast Real Time PCR system (Applied Biosystems) according to the
manufacturer’s instructions. Melting curves were performed to document single-
product formation, and agarose electrophoresis confirmed product size. The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an in-
ternal control. Amplification of the product with the expected size was confirmed
by analysis of the completed reaction product in 2% agarose gels stained with
ethidium bromide. For quantitative analysis, semilogarithmic plots were con-
structed of delta fluorescence versus cycle number, and a threshold was set for
the changes in fluorescence at a point in the linear PCR amplification phase
(CT). The CT values for each gene were normalized to the CT values for GAPDH
with the �CT equation. The level of target RNA, normalized to the endogenous
reference and relative to the mock-infected and untreated cells, was calculated by
the comparative CT method with the 2���CT equation.

RESULTS

Effect of HSV-1 infection on PML in SAND domain-contain-
ing Sp100 isoform-depleted normal fibroblasts. Since most
viruses have developed mechanisms to counter the cell’s de-
fenses, we began to investigate the Sp100-based intrinsic nu-
clear defense in normal human cells and whether ICP0 can
counter the repressive effects of the Sp100 isoforms containing
SAND domains. Human BJ fibroblasts were first characterized
as to their complement of Sp100 isoform transcripts with and
without IFN exposure since we had previously noticed substan-
tial differences between cell types. As shown in Fig. 1B,
Sp100A and Sp100C transcripts are present in larger amounts
than the Sp100B and Sp100HMG isoforms. This was unex-
pected, since in another fibroblast strain, FF2425, the Sp100HMG
isoform was dominant (39). In addition, the Sp100 transcript
mix changes dramatically upon IFN exposure. We find a sub-
stantial relative increase in Sp100C transcripts, suggesting that
differential splicing is strongly dependent on IFN, at least for
Sp100 transcripts and BJ fibroblasts. This extends our obser-
vation that different cell types have variable ratios of Sp100
isoforms to different strains of the same cell type (BJ versus
FF2425 fibroblasts), at least at the transcript level.

Overexpression of Sp100 SAND domain-containing iso-
forms is detrimental to the long-term propagation of cells (39;
our unpublished observations). We therefore decided to take

the opposite approach and developed BJ fibroblast lines where
only the suppressive SAND domain-containing isoforms were
knocked down. We expected that this would result in a less
repressed environment for IE HSV-1 protein expression. For
this purpose, we used one of the two previously characterized
lentiviruses expressing shRNA against Sp100 (39). The dia-
gram in Fig. 1A shows the position of the shRNA sequence
located outside of the splice isoform of Sp100A transcripts.
Due to the lack of isoform-specific antibodies, we confirmed
the downregulation of individual Sp100 isoforms containing
SAND domains by qRT-PCR in two different subcultures, S1
and S2 (shown for S1 in Fig. 1C). We find no apparent dimin-
ishment of the dominant Sp100A transcripts but a substantial
reduction of Sp100B, Sp100C, and Sp100HMG (Fig. 1C). In
Western blot assays with rabbit antibodies that recognize all
four isoforms, Sp100-immunoreactive bands appeared not
much changed from controls and IFN exposure increases those
bands. However, it should be mentioned that the immunore-
active species is mostly Sp100A and its SUMOylated forms
(not shown). This isoform is also the dominant one at ND10, as
previously reported (39). Over time, the BJ fibroblasts with
downregulated Sp100 SAND domain-containing isoforms (BJ-
SAND) did not show any abnormalities with respect to PML
and Daxx expression, as assayed by Western blot analysis (data
not shown). The only growth effect detected upon long-term
propagation was that BJ-SAND fibroblasts senesced earlier
than control BJV fibroblasts (passage 45 versus passage 55;
data not shown). All experiments with the BJ-SAND fibro-
blasts were therefore conducted before passage 35 (about five
passages posttransduction).

Since overexpression of the Sp100 SAND domain-contain-
ing isoforms had a highly detrimental effect on HSV-1 IE
protein expression (39), knockdown of expression of these
isoforms in normal cells should prevent repression by IFN. To
test this proposition, we infected BJ-SAND fibroblasts (BJ
fibroblasts minus SAND domain-containing Sp100 isoforms)
and control BJV fibroblasts (with integrated empty vector, V)
with wild-type HSV-1 at an MOI of 5 for 3 h with or without
overnight IFN-� pretreatment. Western blot analysis of the
infected cells shows that, at 3 h postinfection, ICP0 and ICP4
are expressed in the absence of IFN but barely recognizable in
its presence (Fig. 1D, top, lanes 3 and 4). ICP0 levels are
increased above the level of control cells and barely diminished
by IFN (lanes 7 and 8). This demonstrates that most of the
repressive effect of IFN can be eliminated by suppression of
Sp100 SAND domain transcripts and presumably their trans-
lated products. The same can be seen for ICP4; however, some
effect of IFN remains (Fig. 1D, middle, lanes 7 and 8). In
addition, the normal ICP0-dependent hydrolysis of PML in

FIG. 1. Characterization of human BJ fibroblasts with suppressed Sp100-SAND isoforms. (A) Diagram of the structural and functional domains
of Sp100 isoforms. Each short line at the bottom, labeled shRNA, indicates the position of shRNA used to knock down all Sp100 transcripts (left
line) or only the SAND domain-containing isoforms (right line). (B) Quantitative PCR was used to determine the relative levels of the different
Sp100 isoform transcripts in vector-transduced BJ fibroblasts left untreated or treated with 1,000 U/ml IFN-� for 18 h before total cellular RNA
extraction. (C) Levels of Sp100 isoforms were analyzed by quantitative PCR in stable BJ fibroblast lines that had been transduced with control
vector or expressing shSp100BCH, which knocked down the Sp100 isoforms containing SAND domains. (D) Western blot assay of HSV-1 IE
protein expression in BJ fibroblasts (BJV, vector-transduced control BJ fibroblasts; BJ-SAND, shRNA-transduced BJ minus SAND fibroblasts) at
3 h postinfection with a low number of HSV-1 PFU. The blot assayed with anti-ICP0 antibodies was stripped, and the membrane was reprobed
with antibodies reactive with ICP4 and PML. The values on the left are molecular sizes in kilodaltons.
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infected control cells (compare Fig. 1D, bottom, lanes 1 and 3)
is inhibited by IFN (lanes 2 and 4) but hydrolysis takes place in
IFN-treated BJ-SAND fibroblasts (compare lanes 7 and 8), in
contrast to control IFN-treated cells (lane 4). These results
suggest that wild-type virus, i.e., one with competent ICP0, is
repressed in normal fibroblasts by the Sp100 SAND domain-
containing isoforms and that IFN-mediated repression of HSV
is largely dependent on these IFN-upregulated proteins.

The Sp100 SAND domain-containing isoforms suppress
ICP0 expression at the transcriptional level. The counterde-
fense of the virus to the repressive effects of ND10-associated
proteins, such as PML, is thought to be through ICP0-depen-
dent ubiquitination that leads to protein degradation. The cel-
lular Sp100-based defenses may be at various levels, and we
tested first the possibility that Sp100 functions on the transcrip-
tional level of viral IE gene expression. The experiments were
conducted with cells that had no indigenous Sp100, i.e., 293-S
cells (39). Plasmids that expressed ICP0 from its own promoter
were cotransfected with the various plasmids expressing Sp100
isoforms or PML. Western blot assays developed with anti-
GFP antibodies determined the effect on protein expression
(Fig. 2, top panel; yellow fluorescent protein is recognized by
anti-GFP antibodies). Expression control is shown for Sp100
isoforms and PML-IV in the middle and lower panels, respec-
tively. ICP0 expression is strongly diminished, with the largest
effects seen for the SAND domain-containing isoforms, the

Sp100B isoform having the strongest effect. We also tested the
addition of PML-IV since PML was supposedly inhibiting IE
virus protein expression. Surprisingly, PML-IV had a strong
enhancing effect on ICP0 expression (Fig. 2, top panel, lanes 11
and 12).

A luciferase reporter assay with the ICP0 promoter was used
to verify these results. We cotransfected 293-S cells with the
reporter driven by the ICP0 promoter and plasmids expressing
different Sp100 isoforms. Results are shown in Fig. 3; arbitrary
units of luciferase were normalized to the level expressed in
cells that had been cotransfected with the pET1 empty vector.
In agreement with previously published results (39), the
Sp100A isoform enhanced expression whereas the three iso-
forms containing the SAND domain suppressed luciferase ex-
pression (lane 2 versus lanes 3, 4, and 5). The single amino acid
mutation W665Q in the SAND domain of Sp100B (Sp100BQ)
eliminated the repressive effects (lane 6). The suppressive ef-
fect of these isoforms is therefore most likely at the promoter
level. The discrepancy of a diminishment of ICP0 protein ex-
pression by Sp100A (as shown in Fig. 2, vector versus Sp100A)
and the enhancement at the promoter level (as shown in Fig. 3,
lanes 1 and 2) may be due to some influence of expressed
Sp100A on ICP0 protein (see below).

Because of the known effect of ICP0 on PML degradation
and the resulting diminishment of its antiviral effects, we
wanted to know whether ICP0 can also reduce the suppressive
effects of Sp100. Due to the strong effect of the Sp100 isoforms
on the expression of ICP0, it was not feasible to test the effect
of ICP0 on Sp100 as long as ICP0 was expressed from its own
promoter. We therefore determined the effect of Sp100 on
several commonly used promoters to find one unresponsive to
Sp100 isoforms. In Fig. 3 are shown results for two of these

FIG. 2. Test of Sp100 isoform suppression of ICP0 protein expres-
sion. An ICP0 expression vector driven by its own promoter was co-
transfected into 293-S cells with a control empty vector (pET1) or p110
(expressing ICP0 under the control of the ICP0 promoter) and differ-
ent Sp100 isoforms and probed with anti-Sp100 rabbit antibodies or
with an expression vector for FLAG-tagged PML-IV. Western blots of
the nuclear fractions (30 �g/lane) were probed with antibodies to GFP
(top panel) or Sp100 and FLAG antibodies (middle and bottom
panels).

FIG. 3. Determination of different promoters relative to their re-
pressibility by Sp100 isoforms. 293-S cells were cotransfected with
luciferase reporter vectors driven by promoters of ICP0, CMV, and the
long terminal repeat (LTR) of Rouse sarcoma virus. Cells were har-
vested 48 h later, and luciferase activity (relative light units [RLU])
from the cytoplasmic fraction was determined and normalized to the
protein concentration. Results are presented as a percentage of the
luciferase activity of the pET1 vector, which was considered 100%.
Mean values and standard deviations from three independent experi-
ments are shown.
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promoters that had extremely different effects upon exposure
to the different Sp100 isoforms. All Sp100 isoforms had no
significant effects on the CMV promoter (Fig. 3, lanes 7 to 12),
whereas they had a major effect, similar to that of the ICP0
promoter, on the long terminal repeat of a retrovirus: the
Sp100A isoform strongly stimulated expression over that ob-
tained with the vector control (lane 13 versus lane 14), whereas
the SAND domain-containing isoforms strongly inhibited ex-
pression (lanes 15 to 17). The Sp100 isoforms are therefore
likely to affect the individual promoters rather than a general
transcription or translation function.

After obtaining these results, we used the CMV promoter
from which to express ICP0. However, the interpretation of the
intended experiments might also be problematic if ICP0 de-
grades Sp100. To test this possibility, we addressed two ques-
tions with an Sp100-unresponsive CMV promoter-driven ICP0
expression vector and 293-S cells, which contains only a small
amount of the Sp100A isoform (39). We asked first whether
ICP0 destroys Sp100 as it does PML in other cell lines and
second whether ICP0 can reduce some of the repressive effects
of the Sp100 isoforms.

To answer the first question, we titrated the CMV-driven
ICP0 expression vector into 293-S cells together with fixed
concentrations of the individual Sp100 isoform vectors prede-
termined to express Sp100 at low levels. As shown in Fig. 4A,
there is no diminishment of any of the Sp100 isoforms (lower
panel) with increasing ICP0 concentrations (middle panel).
This result indicates that ICP0 does not affect Sp100 protein
concentrations in this cell type.

In the same experiment, we asked whether ICP0 could stim-
ulate expression from its own promoter. To answer this ques-
tion, we cotransfected the luciferase reporter driven by the
ICP0 promoter with plasmids expressing the respective Sp100
isoforms and the ICP0 expression vector driven by the CMV
promoter. The top part of Fig. 4A shows that increasing ICP0
concentrations improve expression from the ICP0 promoter in
the absence of Sp100 (lanes 1 to 4; vector control) and more so
when Sp100A is present (lanes 5 to 8). The Sp100B isoform
suppression is substantially relieved by small amounts of ICP0,
but relief was apparently not very ICP0 concentration depen-
dent (lanes 9 to 12). The Sp100C isoform inhibition can be
reduced in an ICP0 concentration-dependent manner (lanes
13 to 16), whereas the Sp100HMG suppression relief is quite
minor (lanes 17 to 20). The mutant Sp100BQ isoform mimics
the Sp100A isoform apparent ICP0 promoter activation with
increasing ICP0 protein expression. These results indicate that,
contrary to PML, ICP0 cannot efficiently counter the Sp100
repressive effect.

Since 293-S cells have very little PML and thus the degra-
dation of PML as a control for the activity of ICP0 cannot be
ascertained, we repeated the experiment with HEp2 cells,
which have a normal set of Sp100 isoforms and in which ICP0
can efficiently degrade PML (Fig. 5A). By transfection into
HEp2 cells, we shifted the normal balance of these four Sp100
isoforms strongly to one of them. We find the same trend as for
the 293-S cell line; i.e., ICP0 can moderately increase its own
promoter activity with the Sp100A isoform and marginally with
the Sp100C isoform. No effect is found in the presence of
Sp100B and Sp100HMG (Fig. 4B). The effect of ICP0 in HEp2
cells with endogenous Sp100 is much weaker than in 293-S

cells, which have no endogenous Sp100. Surprising was an
observation in the Western blot assay control for the appro-
priate expression of the transfected proteins. We find no effect
of ICP0 on the quantity of the Sp100 SAND domain-contain-
ing isoforms, except that an apparent secondary band is elim-
inated in the presence of ICP0 (compare lanes 5 and 6, 7 and
8, and 9 and 10). This elimination does not take place on the
Sp100A isoform (lanes 3 and 4) and on the Sp100BQ isoform
(lane 11), which has the same effects as the Sp100A isoform on
IE promoter stimulation. From these observations, we have to
conclude that the inhibitory effect of Sp100 isoforms is not
affected by ICP0-induced degradation.

All Sp100 isoforms protect PML from ICP0-mediated deg-
radation. We had previously determined that ICP0 did not
equally lead to the degradation of PML in different cell types.
In fibroblasts, this degradation was quite evident and was most
strongly present in HEp2 cells, whereas less degradation of
PML was recorded for 293-S cells (data not shown). Wild-type
HSV-1 seems not to be affected by PML; however, after knock-
down of PML, the absence of ICP0 improved virus production,
although total reconstitution of wild-type viral replicative suc-
cess was not achieved (15, 16). We asked whether the cellular
antiviral defense of Sp100 isoforms functions by protecting
PML from hydrolysis, thus retaining PML’s antiviral proper-
ties. For the test of potential PML degradation protection,
FLAG-tagged expression vectors for PML-IV, the CMV-
driven ICP0 expression vector, and the different GFP-tagged
Sp100 isoforms were cotransfected into HEp2 cells and nu-
clear extracts obtained from cultures at 24 h posttransfection
were analyzed by Western blot assay. The blots were stripped
and reprobed to ensure adequate protein expression. As shown
in Fig. 5A, lane 1, PML-IV is well expressed in the absence of
ICP0 but hydrolyzed at 24 h posttransfection when ICP0 is
coexpressed (lane 2). When the different Sp100 isoforms are
added to the mixture, we find that isoforms Sp100A and
Sp100B substantially suppress ICP0-dependent PML degrada-
tion (lanes 3 and 4). Isoforms Sp100C, Sp100HMG, and
Sp100BQ (SAND domain mutant protein) also repress the
function of ICP0, although marginally less well. In the cases of
Sp100C and Sp100HMG, the lower protection is possible be-
cause of their lower expression levels (Fig. 5C, lanes 5 and 6).

How the Sp100 isoforms might protect PML from degrada-
tion is not known. Sp100A normally aggregates with PML in
ND10, an aggregation of several inhibitory proteins dispersed
by ICP0. Increased Sp100 might protect PML by aggregation
or segregation. We therefore tested by immunofluorescence
assay whether Sp100 in the presence of ICP0 changes the
distribution of PML. The same transfection experiment with
HEp2 cells as described for the Western blot assay in Fig. 5 was
conducted with HEp2 cells grown on coverslips and then pre-
pared for immunofluorescence analysis. Figure 6A to D show
the distribution of ICP0 (green) in HEp2 cells as diffuse and
with aggregates throughout the nucleus. A substantial amount
of ICP0 is present in the nucleolus in these transfection exper-
iments. However, when the nucleus is filled with ICP0, PML is
mostly dispersed (nucleus at the lower left of panel A). When
there is very little ICP0, as in the nucleus at the right of panel
A (arrow), ICP0 associates with PML even after 24 h post-
transfection (shown in blue, Fig. 6D), suggesting that ICP0 can
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be held at these sites when at low abundance without hydro-
lysis of PML, i.e., in a segregated and inactive state.

Cotransfection of ICP0 with Sp100A results in dispersion of
PML, Sp100A, and ICP0. At lower ICP0 concentrations, small
dots of ICP0 are found and not all of the PML or Sp100A is
dispersed (lower left of panels E to H). During transfection,
some cells do not receive the same ratio of expression vectors.
Some express only one of the two. If it is Sp100A, the resulting
protein closely associates with PML (bottom of panels E to H).
Cotransfection of ICP0 and Sp100B results in strong segrega-
tion of ICP0, but PML is dispersed (left upper nucleus in
panels I to L). Surprisingly, PML is also dispersed by Sp100B

alone (nucleus at the upper right containing only Sp100B, red),
the same as if it had only ICP0 (nucleus at the top of panel I,
green), although this could be a reflection of cell cycle-based
dispersion of ND10. Expression of Sp100C and ICP0 results in
very close colocalization over a wide range of ICP0 expression
levels, and PML is present in these aggregates (upper two
nuclei in panels M to P). This is surprising, as this isoform,
when overexpressed, forms aggregates separate from PML-
labeled ND10 (see reference 38). ICP0 must modify or expose
the molecular motif at the N terminus that determines ND10
association. The Sp100HMG isoform also colocalizes with
ICP0 when overexpressed (top left two nuclei in panels Q to

FIG. 4. Effects of Sp100 isoforms on luciferase expression from the ICP0 promoter. (A) 293-S cells were cotransfected with a luciferase reporter
plasmid under the control of the ICP0 promoter or the minimum CMV promoter–�-galactosidase reporter; equal amounts of GFP-tagged isoforms
Sp100A, Sp100B, Sp100C, Sp100HMG, and Sp100BQ; and increasing amounts (0.5, 1, and 2 �g) of effector plasmids expressing ICP0 from its own
promoter. Cells were harvested 48 h later, and luciferase activity (relative light units [RLU]) was determined from the cytoplasmic fraction and
normalized to the protein concentration (top). Results are presented as a percentage of the luciferase activity of the pET1 vector, which was
considered 100%. Mean values and standard deviations from three independent experiments are shown. Nuclear fractions (30 �g/lane) were
electrophoretically separated and probed and reprobed with antibodies to GFP to ensure similar levels of expression and with antibodies to ICP0
to show the increasing amount of ICP0 expressed. (B) Repeat of the experiment with HEp-2 cells except that no increasing ICP0 concentrations
were used. pC3 is the CMV promoter control vector.
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T). Aggregates of ICP0 and Sp100HMG at higher expression
levels are devoid of PML (three nuclei at the lower right of
panels Q to T).

The variable association of the different Sp100 isoforms with
ICP0 and the presence or absence of PML in these aggregates
make it unlikely that the Sp100 isoforms function in a similar
way in blocking ICP0-mediated degradation of PML, i.e.,
through the segregation and inactivation of ICP0. We there-
fore asked whether the Sp100 isoforms alone stabilize PML. If
Sp100 stabilizes PML, then Sp100 knockdown should lower the
amount of PML in the cells.

To test this possibility, we transduced BJ fibroblasts with a
lentivirus expressing shRNAs that resulted in the knockdown
of all of the Sp100 isoforms. Immunofluorescence analysis
showed the known strong expression and colocalization of
Sp100 and PML in control cells (Fig. 7A to C). No apparent
reduction in PML was obvious in BJ fibroblasts where the

Sp100 SAND domain-containing Sp100 isoforms were
knocked down (BJ-SAND; Fig. 7D to F). However, when cells
were analyzed after all of the Sp100 isoforms were knocked
down, few contained Sp100 in ND10 and the size and intensity
of PML aggregates and diffuse PML were reduced. More than
80% of the cells showed this reduced Sp100 staining (blue rim
showing nuclear boundary). In some additional cells, a low
level of Sp100 was found in association with PML (upper cell
in Fig. 7G to I). A few cells had the same intensity and distri-
bution of PML and Sp100 as control cells and are thought to be
cells that had not been transduced with the shRNA vector.
When these cell populations were tested for the respective
proteins by Western blot assays in the presence and absence of
prior IFN exposure, we found the expected IFN-induced in-
crease in Sp100 in the vector control cells (BJV) but an ap-
parent absence of all Sp100 bands in BJ-Sp100 fibroblasts (Fig.
7J). Immunofluorescence is apparently more sensitive to small
amounts of protein, as we reported before (39). The BJ-Sp100
cells have a substantially reduced amount of PML, both with
and without IFN induction (Fig. 7J and L).

We tested whether the maintenance of the two constituent
ND10 proteins PML and Sp100 is reciprocal. BJ fibroblasts
were transduced with a previously characterized shRNA ret-
roviral vector against PML (16) and tested by Western blot
assay. The loss of all PML isoforms, even after IFN exposure,
is documented in Fig. 7M. In Fig. 7K, the increase in Sp100
after IFN exposure is evident in vector-transduced BJ fibro-
blasts. A substantial decrease in Sp100 is evident in BJ minus
PML fibroblasts (BJ-PML). In addition, the comparison of the
IFN-exposed cells shows that the upper bands, presumably
Sp100C and Sp100HMG, are absent and there appears to be
no IFN-induced increase in the Sp100A isoform. Also the
SUMOylated Sp100A isoform is not completely eliminated, as
has been previously shown (15, 16). These differences may be
due to the use of different cell types. Also, our observations are
valid for cultures 2 doubling times after transduction. In later
passages, Sp100 may be lost completely (unpublished data). By
immunofluorescence assay, we recognize a redistribution of
Sp100 after PML depletion either as finely granulated with one
or two irregular aggregates (bottom two cells) or a larger
number of aggregates reminiscent of ND10 and a fine sandy
distribution. The normal distribution of PML and Sp100 is
evident in the very few cells that may not have been transduced
(top left of panel N) and represents a control for the antibody
specificity of PML, validating the absence of PML in the other
cells.

In summary, we concluded that fibroblasts require the pres-
ence of at least Sp100A for PML stabilization and maintenance
of ND10 and that in the absence of either PML or Sp100, the
other constitutive ND10 protein is complementarily dimin-
ished.

DISCUSSION

Evidence from several lines of investigation suggests that
wild-type virus infection of permissive normal cells can be
suppressed by intrinsic cellular factors. The transcription cas-
cade to lytic virus replication may be interrupted at several
stages, which the virus may overcome through inhibitors of
such intrinsic factors by using tegument proteins essential for

FIG. 5. Effects of Sp100 isoforms on the degradation of PML by
ICP0. HEp-2 cells were cotransfected with a plasmid expressing
FLAG–PML-IV, ICP0 driven by the CMV promoter, and the different
GFP-tagged Sp100 isoforms. Lanes V contained the empty-vector
(pET1) control. Western blot assay of nuclear fractions probed with
antibodies to FLAG (top), ICP0 (middle), or GFP (bottom). The
values on the right are molecular sizes in kilodaltons.
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FIG. 6. Immunofluorescence analysis of HEp-2 cells cotransfected with ICP0 and different RFP-tagged Sp100 isoforms. HEp-2 cells grown on
coverslips were transfected with plasmid constructs expressing the monomeric RFP (mRFP)-tagged nuclear localization signal (A to D) or the
RFP-tagged Sp100A (E to H), Sp100B (I to L), Sp100C (M to P), or Sp100HMG (Q to T) isoform and analyzed by immunofluorescence assay
with a rabbit antibody against ICP0 (green) and MAb PG-M3 against endogenous PML (blue). The left column shows the merged image, and the
other columns show the respective colored labels. Colocalization of all three proteins appears as a white signal. Small groups have been selected
to show the typical and variable distribution of PML, Sp100, and ICP0.
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starting transcription, such as VP16, and the IE transactivators
ICP4 and ICP0, which promote the next step in the transcrip-
tion cascade, leading to replication. The relative success of the
cell at virus suppression or the virus in replication most likely
depends on the level of infection of the individual cell, i.e., on
a shift of balance between the intrinsic repressor molecules

and the viral input of tegument repressors and accumulation
speed of newly expressed viral IE proteins.

A higher MOI of wild-type HSV-1 can overcome IFN-in-
duced repression in human fibroblasts. These cells provide
high resistance to infection with the ICP0 null mutant (15, 16,
18). Human fibroblasts also normally have a high level of

FIG. 7. Comparison of vector control BJ fibroblasts (BJV), BJ fibroblasts minus SAND domain-containing Sp100 isoforms (BJ-SAND), and
BJ fibroblasts minus all Sp100 isoforms (BJ-Sp100). (A to C) Normal distribution of PML and Sp100 in BJV fibroblasts. (D to F) BJ-SAND
fibroblasts after knockdown of the SAND domain-containing Sp100 isoforms. (G to I) BJ-Sp100 fibroblasts in which all Sp100 isoforms are knocked
down. The added blue outline indicates a nucleus with little PML and little Sp100. Cells were grown on coverslips and analyzed by immunoflu-
orescence assay with rabbit antibody against endogenous Sp100 (green) and MAb PG-M3 against endogenous PML (red). The left column shows
the merged image, and the other columns show the respective labels, as indicated in the top row. Colocalization appears as a yellow signal. (J to
M) Western blot analysis of whole-cell extract (30 �g/lane) of replicate BJV and BJ-Sp100 cell cultures stimulated with 1,000 U/ml IFN-� for 18 h
or left untreated as a control. They were probed with antibodies to Sp100 (J and K) or PML (L and M). (N) BJ minus PML fibroblasts (BJ-PML)
double labeled for Sp100 (green) and PML (red) showing various redistributions of Sp100 in cells after two passages posttransduction.
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expression of PML and Sp100, both IFN-inducible proteins.
Recently, it has been shown that downregulation of PML in-
creases the success of human CMV (HCMV) (48) and nearly
rescues the ICP0 null mutant of HSV-1 (15, 16). For HCMV,
the repressive effect could be restored by the reintroduction of
one of the PML isoforms (PML-VI). For HSV-1, the IFN-
dependent suppression was not PML dependent and not de-
pendent on the Stat-1and IRF-3 pathways (18); however, we
can show that the introduction of PML-IV into cells with a very
low PML level had a stimulatory effect on the ICP0 promoter.
Thus, the different isoforms of PML may, like the different
isoforms of Sp100, have opposing functions where the readout
when all are suppressed reflects the respective differential of
activating and repressing functions. For the PML isoforms, an
analysis of their different functions relative to virus promotion
or repression is outstanding.

Only the HSV-1 ICP0 null mutant has a phenotype that can
be partly alleviated by the removal of PML and Sp100. Only a
small effect was seen upon plaque formation in wild-type
HSV-1, even when both PML and Sp100 were knocked down
(15). Under those conditions, the activating Sp100A isoform is
also knocked down, blunting any normal effect. The Sp100
SAND domain-containing isoforms are the likely repressors, as
evidenced by the results of our investigation. The Sp100A
isoform has a robust activation effect on the IE HSV-1 pro-
moters. Evidence that Sp100 SAND domain-containing iso-
forms suppress wild-type HSV-1 infection in normal permis-
sive cells such as fibroblasts comes from the increase in IE
protein synthesis when these isoforms are downregulated by
shRNA. This suppression of IE proteins such as ICP4 and
ICP0 takes place at the promoter level, as shown by ICP0
promoter-based reporter assays. Cotransfection assays demon-
strate that the Sp100 isoforms strongly affect the amount of
ICP0 expressed. In the context of viral infection, such suppres-
sion would also reduce the ICP0 function of PML degradation.
The finding that small amounts of ICP0 can be present over
long periods of time without dispersing ND10 (Fig. 6A) dem-
onstrates that small amounts of this protein might effectively
be removed from functioning as an agent of PML degradation.
This raises the possibility that the transcription cascade could
be interrupted even after IE protein synthesis has started in
low-level infections. For MCMV, such a shutoff of lytic pro-
gression toward replication has been demonstrated at the sin-
gle-cell level by time-lapse imaging (34). For HSV-1, such a
possibility needs to be investigated.

We contemplated that ICP0 might counter the suppressive
effects of the Sp100 SAND domain-containing isoforms similar
to the way PML is disabled. When we tested this possibility in
293-S cells and used PML as a control for ICP0-induced deg-
radation, we found that this cell line has a defect in that PML
is not degraded as in other human cell lines (not shown). Other
currently unknown cellular factors need to be present for ICP0
activity to function. This may be the reason that in vitro at-
tempts to degrade PML directly by ICP0 failed (2). However,
in HEp2 cells, where PML can be degraded by ICP0 without
any other viral components present, ICP0 also could not de-
grade any of the Sp100 isoforms. This unexpected result re-
quires the assumption of an additional counterdefense by the
virus, perhaps one analogous to the tegument-based pp71
counterdefense of Daxx repression in HCMV infection (4, 27,

44) or more simply just an MOI-based swamping of the cell’s
defenses where enough ICP4 and ICP0 is produced to over-
come these repressive Sp100 isoforms.

PML and Sp100 are normally aggregated in ND10. If aggre-
gation of proteins protects them from degradation, then Sp100
may protect PML from ICP0-based degradation and keep
PML available for PML-based HSV-1 inhibition. We found
that all of the Sp100 isoforms protect PML from ICP0 degra-
dation. Control experiments established that the Sp100 iso-
forms not only protect PML from ICP0-induced degradation
but also that, in the absence of all of the isoforms, normal-size
ND10 disappears and the cell’s PML content diminishes sub-
stantially, even in the absence of ICP0. This result differs from
published accounts that show retention of PML and ND10
after Sp100 ablation (15). We have no good explanation for
these differences, except possibly that even human fibroblasts
differ in their physiology, as is evident when we compare the
IFN response of FF2425 fibroblasts (39), where the Sp100HMG
isoform is dominant, with that of BJ fibroblasts, where Sp100
transcripts are preferentially spliced to produce the Sp100C
isoform, as shown here.

Our observed loss of PML after Sp100 ablation is mirrored
by the loss of Sp100 after PML ablation. In the absence of
PML, Sp100 isoforms are diminished, with an apparent loss of
the SP100C and Sp100HMG isoforms and a strong reduction
of Sp100A and its SUMOylated isoform. This differs, in part,
form published accounts where only the un-SUMOylated iso-
form remains (16). Loss of all Sp100 isoforms has only been
noticed after repeated passages where the cell may have
changed its phenotype. Thus, the reported PML minus pheno-
type (15, 16, 18) may, in part, depend on the diminishment of
the repressive action of Sp100 isoforms and a change in the cell
phenotype.

Our results also suggest that the Sp100A isoform is required
for ND10 integrity. In BJ fibroblasts, where only Sp100 iso-
forms with a SAND domain were suppressed, no effect on
PML stability or ND10 structure was observed, but in cells
where all of the Sp100 isoforms were downregulated, PML
proteins diminished in subsequent passages. This suggests that
a domain that is present in all of the Sp100 isoforms is involved
in PML protection. The elimination of Sp100 isoform func-
tions by viruses might affect PML and ND10 in infected cells.
In the case of HSV-1, it is possible that ICP0 performs this
function, but because expression of ICP0 itself is under strong
suppression by SAND domain-containing Sp100 isoforms, ad-
ditional and different viral proteins might be required to elim-
inate this suppression at the beginning of viral infection. As
IFN increases the expression of all Sp100 isoforms and shifts
splicing to more efficient production of Sp100 isoforms with
SAND domains, specifically Sp100C, we speculate that this
might benefit not the initially infected cell in vivo but neigh-
boring cells through heterologous activation of IFN-activated
ND10-associated proteins such as Sp100 and PML, making it
more difficult for the virus to overcome these intrinsic de-
fenses.
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