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Nuclear spatial positioning plays an important role in the epigenetic regulation of eukaryotic gene expres-
sion. Here we show a role for nuclear spatial positioning in regulating episomal transgenes that are delivered
by virus-like particles (VLPs). VLPs mediate the delivery of plasmid DNA (pDNA) to cell nuclei but lack viral
factors involved in initiating and regulating transcription. By tracking single fluorescently labeled VLPs,
coupled with luciferase reporter gene assays, we found that VLPs transported pDNA to cell nuclei efficiently
but transgenes were immediately silenced by the cell. An investigation of the nuclear location of fluorescent
VLPs revealed that the pDNAs were positioned next to centromeric heterochromatin. The activation of
transcription by providing viral factors or inhibiting histone deacetylase activity resulted in the localization to
euchromatin regions. Further, the activation of transcription induced the recruitment of PML nuclear bodies
(PML-NBs) to the VLPs. This association did not play a role in regulating transgene expression, but PML
protein was necessary for the inhibition of transgene expression with alpha interferon (IFN-a). These results
support a model whereby cells can prevent foreign gene expression at two levels: by positioning transgenes next
to centromeric heterochromatin or, if that is overcome, via the type I IFN response facilitated by PML-NB

recruitment.

The epigenetic modulation of gene expression regulated by
histone modifications, including acetylation, is fundamental to
all aspects of cell growth and development (28). The nuclear
location of genes can play a significant role in this regulation
(2, 40). For instance, gene-dense chromosomes and active
chromosomal genes are frequently found more centrally in the
nucleus rather than at the nuclear periphery (6, 13, 54, 64) and
the positioning of genes to centromeric heterochromatin is
conserved evolutionarily and thought to facilitate silencing (8,
7, 14, 24). A role for promyelocytic leukemia nuclear bodies
(PML-NBs) in transcriptional regulation has also been pro-
posed, as transcription has been detected at the bodies or has
been closely associated with them (4, 30, 34, 60). Further, a
number of proteins that are involved in transcriptional regu-
lation, including histone acetyltransferases (HATS), reside in
or shuttle in and out of these structures (5, 34).

Recent studies have demonstrated the importance of epige-
netic regulation immediately following the nuclear entry of
DNA viruses. Histone deacetylase (HDAC) inhibitors, such as
trichostatin A (TSA), which raise overall histone acetylation
levels in cells (45), increase the infectivity of viruses, such as
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simian virus 40 (SV40), herpes simplex virus (HSV), and cy-
tomegalovirus (43, 46, 58). Viral early gene products can also
modulate HATs and HDACs. For example, the simian virus 40
(SV40) large T antigen (T-ag) upregulates the HAT activity of
CREB-binding protein (CBP) (58) and HSV encodes several
factors that disrupt repressor complexes or that associate with
or phosphorylate HDAC:s (25, 35, 46). In addition, despite the
uncertain cellular role of PML-NBs, the initial replication and
transcription steps for many DNA viruses occur at these bod-
ies, suggesting that the juxtaposition of incoming viral genomes
with nuclear structures can influence infection (16). Viral fac-
tors are required to regulate these events, and the transcription
of DNA containing either the SV40 or HSV-1 origin of repli-
cation (ori) sequences at this site depends on the presence of
T-ag or ICP4 and ICP27 (55, 57).

Here we use mouse polyomavirus-like particles (VLPs) to
explore the regulation of foreign DNA by epigenetic mecha-
nisms. VLPs consist of protein nanospheres that are assembled
from 360 molecules of the polyomavirus major coat protein
VP1, stably associated with a single molecule of plasmid DNA
(pDNA), but do not contain any other viral genes or their
products (19, 52). VLPs mediate gene expression in a virus-like
manner, requiring the viral receptor and the cellular microtu-
bule network (33). Furthermore, the adsorption and internaliza-
tion of VLPs into the cell cytoplasm appears indistinguishable
from that of natural polyoma virions (1, 37). Thus, these particles
retain sufficient information to deliver transgenes into the cell via
pathways that are used by the natural virus. However, they lack
the viral genes and regulatory DNA sequences that mediate the
efficient initiation of viral gene expression and, as such, cannot
carry out subsequent steps in the viral life cycle.
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TABLE 1. Influence of Cy3-labeling and pDNA concentration on
VLP-mediated reporter gene activity”

MoL. CELL. BIOL.

TABLE 2. Influence of AlexaFluor-488 pDNA labeling on
VLP-delivered reporter gene activity”

pDNA concn Luciferase activity (RLU/mg of protein) at 24 h

Luciferase activity at 24 h

Treatment
(ng PDNA/S X 10% cells)  {pjapeled  1x Cy3 label  20x Cy3 label Unlabeled pDNA AlexaFluor-488-labeled pDNA
0.5 146,993 259,861 125,683 Cy3-VLPs 1,625,762 74
0.05 26,626 77,237 35,847 CaP; 159,278 17,930

“ Results are shown as luciferase activity at 24 h from cos7 cells treated with
unlabeled or Cy3-labeled VLPs carrying pDNA with the ori.

We demonstrate that VLP-delivered transgenes are effi-
ciently silenced upon entering the nucleus and that expression
can be activated by providing viral replication factors or inhib-
iting HDAC activity. The transgene expression status is related
to the nuclear spatial positioning of VLPs. In nonexpressing
cells, VLPs are positioned to centromeric heterochromatin in
a pDNA-dependent manner, whereas in transcriptionally ac-
tive cells, VLPs are repositioned to euchromatin regions and
associate with PML-NBs even in the absence of viral replica-
tion factors. Further, we show that the regulation of transgene
expression is unaffected by PML-NB disruption but PML pro-
tein is required for the inhibition of expression by alpha inter-
feron (IFN-a). These results suggest that cells have developed
specific mechanisms that can prevent expression from foreign
genes as soon as they enter the nucleus.

MATERIALS AND METHODS

Cell culture and DNA constructs. Mouse Swiss albino 3T3, cos7, and HeLa
cells were maintained in Dulbecco’s modified Eagle’s medium with 5% fetal calf
serum as previously described (33). Mouse primary embryo fibroblasts from
pml~'~ or wild-type mice were cultured as described above but in 10% fetal calf
serum to a maximum of eight passages. For luciferase assays, the luciferase
marker pDNA pCIKLUX, without the SV40 ori (ori mutant) (21) or with the ori
(ori™) were used. The latter pDNA was generated by inserting the SV40 non-
coding region from nucleotides 5179 to 290 (18) into the NaeI site of pCIKLUX
as a PCR-amplified fragment from pEGFP (BD Biosciences) by using primers
5'-TGAGGCGGAAAGAACCAGCTGTG-3' and 5'-GCCGGAGAACCTGC
GTGCAA-3'. pCIKLUX with the mouse polyomavirus ori was prepared simi-
larly but by using PCR fragments amplified using primers 5'-TCGATGAGGT
CTACTAG-3" and 5'-GGTGGTGAGGCTGAAATG-3' encoding the mouse
polyomavirus noncoding region from nucleotides 4967 to 171 (51). pPCMVLT2
(53) was used to the express polyomavirus large T antigen. pEGFP (BD Bio-
sciences) was delivered to cells for the determination of transgene expression
status in individual cells.

VLP preparation and delivery. VP1 nanospheres were gradient purified from
sonicated insect cells that were infected with recombinant baculovirus encoding
polyomavirus VP1, associated with pDNA at a molar ratio of 5:1, and delivered
to cells as described previously (33). Calcium phosphate precipitate (CaP;) trans-
fections used standard protocols and similar quantities of pDNA per transfection
as those used for the VLP treatment. For fluorescence microscopy, VP1 nano-
spheres were covalently coupled with succinimidyl-ester-linked Cy3 fluorophores
prior to association with pDNA by using 20X (Fig. 2A and C) or 1 (Fig. 2B) the
published concentration of Cy3 dye as described previously (23). Qualitatively
similar results were obtained by using either 0.5 or 0.05 pg pDNA/5 X 10* cells
(data not shown). Cy3 labeling did not significantly compromise VLP-mediated
transgene expression (Table 1). When stated, pDNA was labeled with Alexa-
Fluor-488 by using the Ulysis labeling kit (Molecular Probes). Combining Cy3
and AlexaFluor-488 labeling abolished VLP-mediated transgene expression.
However, using CaP;, the labeled pDNA was able to express marker genes
(Table 2), providing evidence that no free pDNA is present in the VLP-treated
cell preparations. Cells were incubated in TSA (Sigma Chemical Company)
(solubilized in dimethyl sulfoxide) for 24 h prior to harvesting for 3T3 and
primary mouse fibroblast (300 nM), HeLa (600 nM), and cos7 (100 nM) cells or
incubated for 24 h prior to VLP or CaP; treatment in IFN-a (Wellferon; 1,000
U/ml), maintained throughout the experiment.

“ Results are shown as luciferase activity at 24 h from cos7 cells treated with
Cy3-VLPs or transfected using CaP; carrying either unlabeled or AlexaFluor-
488-labeled pDNA with the ori (0.5 pg/5 X 10* cells).

Luciferase assays. Cell lysates were assayed at 40 h post-VLP treatment by
using a luciferase reporter kit according to the manufacturer’s instructions (Pro-
mega, United Kingdom). Luciferase activity, given in relative light units
(RLU)/mg total protein, was measured in a luminometer (TD-20/20; Turner
Biosystems, CA) and standardized against recombinant luciferase (1 RLU is
equivalent to 1 U), and the bicinchoninic acid assay (Sigma Chemical Company)
was used for measuring total protein. All data are representative of three inde-
pendent experiments performed in duplicate or triplicate.

Fluorescence microscopy. Cells were harvested by formaldehyde fixation at
24 h post-Cy3-VLP treatment as described previously (23). Cells were washed
with phosphate-buffered saline and permeabilized with 0.1% Triton X-100 in
phosphate-buffered saline before incubation with anti-centromeric protein anti-
sera (15), Sm human autoimmune sera, or rabbit anti-PML protein antisera
(Santa Cruz, Calif.). After washing, cells were subsequently incubated with anti-
human fluorescein isothiocyanate (Jackson ImmunoResearch Laboratories, Inc.)
or anti-rabbit AlexaFluor-488-labeled or anti-rabbit AlexaFluor-633-labeled
(Molecular Probes) secondary antiserum as appropriate and mounted on glass
slides with Vectorshield (Vector Laboratories). The signal from AlexaFluor-488-
labeled pDNA (Ulysis labeling kit; Molecular Probes) was amplified with rabbit
anti-AlexaFluor-488 antibody (Molecular Probes) (see Fig. 2B, inset). Confocal
images were collected sequentially at room temperature on a Leica TCS SP1 or
SP2 confocal laser scanning microscope with a 100X oil immersion objective lens
(numerical aperture, 1.40) by using argon UV (SP1 only), green argon (488 nm),
red HeNe (548 nm for SP2 and 568 nm for SP1), and far red HeNe (633 nm)
lasers with a pinhole equivalent to 1 Airy disk unit. Sequential 0.2442-pm sec-
tions were collected by using the Leica confocal software in the z axis (minimum
20/stack), and data were averaged from four scans per section. For multiple
labeling, no “bleed-through” was detected between channels. Three-dimensional
reconstructions were generated by using Volocity software (Improvisions). Meta-
morph (Universal Imaging Corp.) was used to generate overlaid confocal images.
Nuclear VLPs were defined as discrete Cy3 signals in DAPI (4',6'-diamidino-2-
phenylindole), TOTO-3, or Hoechst 33342 staining regions (Molecular Probes).
Hoechst 33342 (39) was used to identify centromeric heterochromatin in 3T3
cells, as AT-rich repeat regions are very abundant at this site in mouse cells.
Intensity differences for Hoechst 33342 or Sm staining (as a marker for tran-
scriptionally active regions) (59) were used to score Cy3-VLP nuclear localiza-
tion in 3T3 cells as centromeric heterochromatin regions (colocalized with or
next to Hoechst 33342-high/Sm-negative foci), intermediate (Hoechst 33342-
medium/Sm-medium regions), or euchromatin (Hoechst 33342-negative/Sm-
high foci) regions. In cos7 cells, centromeric heterochromatin is less AT-rich and,
therefore, anticentromere human autoimmune sera recognizing the centromeric
proteins CENP-A, -B, and -C and marking the location of pericentromeric
heterochromatin was used (15). Colocalization and “next to” were defined as
overlapping or adjacent pixels of fluorescence signal, respectively. The frequency
of nuclear Cy3-VLPs at defined locations was scored for at least three indepen-
dent experiments. The chi-square test (Minitab version 14) was used to establish
that, for a given variable, there was no significant difference between experi-
ments. Data were then pooled, and chi-square analysis was performed to deter-
mine whether the observed reproducible differences in nuclear location in the
absence or presence of TSA or following the delivery of pDNA without or with
ori were statistically significant.

Atomic force microscopy. VP1 nanosphere-pDNA complexes, prepared as for
cell experiments, were diluted in water to 60 ng/ul, dropped onto the surface of
freshly cleaved mica, and allowed to adsorb for 1 min. The mica surface was then
rinsed with water, and excess water was removed under a stream of nitrogen for
30 s. Silicon probe tips were used to scan the samples in tapping mode by using
a MultiMode SPM and Nanoscope IIla control system (Digital Instruments, Inc.,
Santa Barbara, CA).
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Hirt extracts, Southern blotting, and PCR. Low-molecular-weight DNA was
isolated from transfected cells (10 pg pDNA/1 X 10°) at 24 h according to the
method of Hirt (26). Transfections were carried out at submaximal levels of
pDNA to ensure that CaP; delivery was not saturating. Proteins were removed by
phenol-chloroform extraction and DNA ethanol precipitated. One-sixth of each
extract, which is equivalent to 2 g low-molecular-weight nucleic acid, was then
digested with restriction endonucleases in the presence of RNase A, and the
DNA fragments were separated on a 1% agarose gel and transferred to nylon
membrane by Southern blotting. pCIKLux was radiolabeled with [3?P]dCTP by
random hexamer priming, and the blot was probed using standard protocols.

For the PCR-based assay, DNA was isolated from 4 X 10* cells at 24 h
post-VLP addition by using InstaGene chelate mix (Roche, Lewes, United King-
dom) according to the manufacturer’s instructions. Column purification using
the High Pure PCR purification kit (Roche) removed the InstaGene chelate mix,
as this inhibits restriction endonuclease digestion. Isolated DNAs were then
titrated for pDNA concentration against known pDNA template concentrations
by PCR amplification with plasmid-specific primers spanning a region containing
Mbol and Dpnl restriction endonuclease sites (5'-GTAACCACCACACCCGC
CGCG-3' and 5'-AGGAGAGCGCACGAGGGAGCTTCCAGGGG-3'). DNA
amplification was performed in a 50-pl reaction mix of 0.5 U of Taq polymerase
(Promega), 50 pmol of each primer, 125 uM of each deoxynucleoside triphos-
phate, and 1.5 mM MgCl,. PCRs were run for 25 cycles of denaturation at 95°C
for 1 min, with annealing at 64°C for 1 min and elongation at 72°C for 3 min.
Finally, a volume equivalent to 10 picograms of isolated pDNA was subjected to
mock or Dpnl or Mbol restriction endonuclease digestion followed by PCR
amplification as described above. PCR products were fractionated on a 1.2%
agarose gel containing 5 ng/ml ethidium bromide. Note: Dpnl treatment digests
input pDNA, leading to specific amplification of pDNA replicated within the
transfected cells. Mbol treatment digests DNA replicated within mammalian
cells, resulting in specific amplification of input pDNA.

Nucleosome assay. Nuclei were prepared from HeLa cells (1 X 10°) 24 h after
transfection with VLPs or CaP; carrying pCIKLux with ori by centrifugation, as
described previously (10). Following lysis in nonionic detergent, nuclei were
exposed to increasing concentrations of micrococcal nuclease (0 to 100 units/1 X
10° nuclei) for 5 min at 37°C. Sodium dodecyl sulfate was added to a final
concentration of 2%, and products were loaded directly onto a 1.8% agarose gel
followed by subsequent staining with ethidium bromide. Fragments were trans-
ferred to nylon membrane and probed for pPDNA-specific sequences as described
above. Control experiments were carried out with untransfected HeLa cell nuclei
mixed with pDNA (0.1 pg per digest).

RESULTS

VLP-delivered transgenes are silenced following nuclear en-
try but can be activated by viral replication factors or TSA. In
most cell lines, transgene expression from VLP-delivered
pDNA was barely detectable (as shown for two commonly
used cell lines, cos7 and 3T3) (Fig. 1A, white bars) even
though transfection with calcium phosphate precipitate
(CaP;) typically yielded luciferase expression of over 10*
RLU/mg total protein for most cell lines tested and over 10°
RLU/mg total protein for cos7 cells. When viral replication
factors were added to the system, VLP-mediated transgene
expression was activated in all cell lines tested (illustrated for
cos7 cells expressing T-ag treated with pDNA containing the
SV40 ori [Fig. 1A and see below]). Alternatively, expression
was activated when cells were cultured with HDAC inhibitors,
such as TSA (Fig. 1B, gray bars).

The most obvious reasons for the viral replication factors
generating expression could be that T-ag either increased the
copy number by driving ori-dependent pDNA replication (22)
or enhanced the transport of the pDNA to the nucleus (41),
thus providing more templates for transcription. However, it
seems unlikely that TSA, by simply inhibiting HDACs, would
be able to reproduce the combined effect of T-ag and ori. We
therefore considered an alternative explanation, which was
that each method directly activated expression of the transgene
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by epigenetic means rather than enhancing copy number or
delivery. We present several lines of evidence in support of this
notion. First, our data suggest that expression is not propor-
tional to copy number. The amount of replicated ori-contain-
ing pDNA was used as an indicator of the number of copies of
pDNA delivered to the nucleus of cos7 cells that were treated
with VLPs or transfected with CaP;. These data were then
compared with luciferase expression for each culture (Fig. 1C).
In this experiment, the Southern blotting of Hirt-extracted
low-molecular-weight DNA showed that replication of pDNA
with ori in VLP-treated cells was far lower than that in control
cells transfected using CaP;, as judged by the signal intensity
for pDNA cleaved with the mammalian methylase-sensitive
enzyme Mbol (lanes M). Low-level replication was, however,
detected by PCR for VLP-delivered pDNA; this is consistent
with very low copy number delivery (Fig. 1D). Since the
amount of replication of VLP-delivered pDNA was less than
that observed for CaP; delivery yet luciferase expression from
the same cultures was approximately 10-fold higher (55.8 X 10°
versus 4.9 X 10° RLU/mg total protein), this suggests that
expression is not proportional to copy number. Second, expres-
sion from VLP-delivered pDNA was barely detectable in the
absence of viral replication factors, irrespective of the number
of VLPs added per cell, yet in the presence of replication
factors, significant levels of expression could be obtained by
adding as few as 10° VLPs per cell (equivalent to 0.0005 pg
pDNA/5 X 10* cells) (Fig. 1E). Third, the increased expression
in the presence of TSA is not due to enhanced delivery since
this reagent, added at any time before or following VLP treat-
ment (even two weeks later), resulted in similar activations of
the transgene (data not shown). Fourth, nucleosome assembly
of VLP-delivered pDNA could be demonstrated, which is con-
sistent with a role for epigenetic effects in the regulation of the
pDNA-encoded genes (Fig. 1F). Nuclei from CaP;-transfected
or VLP-treated cells were incubated with micrococcal nucle-
ase, which cleaves DNA between nucleosomes, to generate a
ladder of protected fragments on agarose gels (3). pDNA-
specific sequences delivered by either CaP; or VLPs migrated
as two fragments (Fig. 1F); this was similar to nucleosome
ladders that were previously observed for transfected pDNAs
(29). Untransfected pDNA was totally degraded (Fig. 1G),
demonstrating that the DNA sequences were not inherently
resistant to nuclease attack. Thus, VLP-delivered pDNA is
assembled into nucleosomes, consistent with a role for TSA or
replication in facilitating transcription by nucleosome displace-
ment or reorganization. In summary, there appear to be two
distinct expression states for VLP-delivered transgenes: a si-
lent state (transgene silent) which occurs by default immedi-
ately following the delivery of pDNA to the nucleus and a
specifically activated state (transgene active) that is obtained
by adding viral replication factors or TSA to the system.
VLPs deliver an average of two pDNA molecules to trans-
gene-silent or transgene-active cell nuclei. To confirm that
transgene delivery to the nucleus is unaffected by treatments
that activated transgene expression, we asked whether the de-
livery of VLPs could be detected in the nuclei of transgene-
silent and transgene-active cells. VP1 nanospheres were cou-
pled covalently to the fluorescent dye Cy3 and complexed with
pDNA to generate fluorescently labeled VLPs (Cy3-VLPs).
Cells were then treated with Cy3-VLPs and examined by con-
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FIG. 1. High-level, copy number-independent VLP-delivered transgene expression activated by viral factors or TSA. (A and B) Luciferase
activity (RLU/mg total protein) from (A) cos7 or 3T3 cells treated with VLPs carrying pDNA without (—) or with (+) ori and from (B) cos7 or
3T3 cells treated with VLPs carrying pDNA without ori, cultured without or with TSA. Note: mock VLP-treated cells cultured with TSA resulted
in less than 100 RLU/mg total protein (data not shown); y axis is a log scale. Error bars indicate the standard errors. (C) Southern blot analysis
of low-molecular-weight DNA Hirt extracts (26) from cos7 cells transfected using CaP; or treated with VLPs carrying pDNA without (=) or with
(+) ori. Restriction endonuclease digests of DNA extracts (U, mock-digested DNA; M, Mbol [inhibited by dam methylation, digests only DNA
replicated in mammalian cells]; or S, Sau3A [digests all DNA]) demonstrated pDNA replication products present in CaP;-transfected but not
VLP-treated cells (indicated by asterisks). The positions of migration of form I, II, and III DNAs are indicated by arrowheads. Considerable
degradation is observed for the VLP-delivered pDNA, presumably due to the majority of the plasmid being unprotected from nuclease attack in
the cell (52). Luciferase activity (RLU/mg total protein) from an aliquot of each transfected cell culture taken prior to Hirt extraction is given below
the appropriate tracks. Positions of migration of molecular weight standard markers are shown to the right of the gel. (D) PCR analyses of
low-molecular-weight DNA extracts from cos7 cells treated with VLPs as described for panel C. Plasmid-specific PCR amplification was performed
after digestion of the extracts with the restriction endonucleases Dpnl (D, inhibited by mammalian methylation; PCR amplification detects
mammalian replicated pDNA only; indicated by asterisks) or Mbol (M, inhibited by dam methylation; PCR amplification detects bacterial input
pDNA only) or mock-digested DNA (U). (E) Luciferase activity from cos7 cells treated with increasing amounts of VLPs or CaP; (equivalent to
0.0005 to 5 pg pDNA/5 X 10* cells) carrying pDNA without (—) or with (+) ori. Note: both axes are a log scale. (F) Micrococcal nuclease assays
of HeLa cell nuclei transfected with CaP; or treated with VLPs. Following electrophoresis of micrococcal nuclease (MN)-treated samples, the
agarose gels were stained with ethidium bromide (left panels) and then subjected to Southern blot analysis (right panels). Consistent with previous
observations (29), atypical nucleosome ladders for CaP;-transfected pDNA were detected, represented by protected pDNA fragments of approx-
imately 0.1 and 0.6 kb (arrowheads). Similar ladders were detected for VLP-delivered pDNA. A further band of VLP-protected pDNA fragments
(52) of 1.2 to 1.5 kb was also detected (asterisks). (G) Untransfected HeLa cell nuclei with pDNA added to isolated nuclei prior to micrococcal
nuclease digestion and then analyzed as described above for panel F. Left panel, ethidium bromide stain; right panel, Southern blot analysis.
Positions of migration of molecular weight standard markers are shown to the left of the gels.

focal microscopy. Three-dimensional reconstructions of se- per nucleus, irrespective of the expression status of the culture
quential confocal sections showed only small numbers of Cy3- (Table 3). In cos7 cells, VLPs were detected in more nuclei (up
related fluorescent spots in each nucleus and only in cells that to 68%), with an average of two per nucleus, irrespective of
were treated with Cy3-VLPs (Fig. 2A; control data not shown). expression status (Table 3). No nuclei were found with more

In 3T3 cells, these VLP-related spots were detected in a quar- than eight VLPs. Further, if Cy3-labeled nanospheres were
ter to a half of treated cells, with one or two VLPs on average associated with pDNA conjugated to AlexaFluor-488, pDNA-
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FIG. 2. VLPs enter the nuclei of transgene-silent and transgene-
active cells. (A) Three-dimensional reconstruction of sequential con-
focal sections of a cos7 cell nucleus in xy, xz, and yz planes, showing the
sections containing a single nuclear Cy3-VLP (red; arrowhead). Nu-
clear DNA stained with DAPI (blue). Inset, digital zoom of single
nuclear Cy3-VLP. Bars, 2 pm (main panel) and 1 pm (inset).
(B) Overlay confocal images of Cy3-VLPs (red) and AlexaFluor-488-
labeled pDNA (green), showing a single nuclear Cy3-VLP (arrow-
head), nuclear boundary (dotted line), and nucleus (n). Control ex-
periments with unlabeled pDNA gave a low-level diffuse signal
corresponding to secondary antibody binding (data not shown). Bar, 2
pm. (C) VLPs labeled with Cy3 (on VP1 nanospheres; red) and Al-
exaFluor-488 (on pDNA; green) were dropped onto glass, and a single
confocal section was captured (inset). Intensities of 100 individual Cy3
spots were measured and plotted according to fluorescence intensities.
The intensity peak corresponding to a single VLP (approximately
2,000 arbitrary units as described previously) (23) and the fluorescence
signal corresponding to a single Cy3-labeled VP1 nanosphere associ-
ated with a single AlexaFluor-488-labeled pDNA is indicated (inset of
left panel, white arrowhead). Similar complexes were dropped onto
mica and analyzed by AFM (inset right; height ranges are indicated by
the bar to the right). Bars, 1 wm (inset left) and 200 nm (inset right).
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specific fluorescence was associated with nuclear Cy3 spots and
little or no free signal was detected (Fig. 2B). As spot fluores-
cence intensities of nuclear Cy3-VLPs were similar to those of
single Cy3-VLPs spread on glass (23) (Fig. 2C shows an exam-
ple of calculating intensities for single VLPs associated with
AlexaFluor-488-labeled pDNA), each nuclear spot most likely
represents a single VLP. The associated pDNA fluorescence
most probably represents no more than one molecule of
pDNA, as electron microscopy (52) and atomic force micros-
copy (AFM) studies (Fig. 2C) of the VLP protein-DNA com-
plexes show that each VP1 nanosphere interacts with only one
pDNA molecule. Although the AlexaFluor-488 and Cy3 fluo-
rescence do not always overlap completely, only 1 to 2 kb of
pDNA is closely associated with the protein nanospheres (52).
AFM analysis of VLPs (Fig. 2C) revealed a considerable pro-
portion of pDNA trailing several hundred nanometers from
the VP1 nanosphere, providing one possible explanation for
the offset in the fluorescence signals. Thus, VLPs deliver a
similar and small number of pDNA molecules to both trans-
gene-silent and transgene-active cell nuclei. Further, since the
addition of TSA could activate transgene expression even after
the time at which the above data were collected (for example,
at 24 h or later, following VLP addition), expression-compe-
tent pDNA must have been present in a significant proportion
of the transgene-silent cells. This confirms that, in the absence
of specific activation, VLP-delivered transgenes are effectively
silenced within the nucleus.

VLPs adopt different nuclear locations in transgene-silent
or transgene-active cells. Using the ability to switch between
expression states, we asked whether the nuclear location of
VLPs differed between transgene-silent and transgene-active
cells and whether or not there is any difference in location
between the two methods of activation (i.e., T-ag/ori or TSA).
The nuclear periphery and centromeric heterochromatin have
been associated with low gene activity (as described above).
Cy3-VLPs did not appear to localize preferentially to the pe-
riphery in transgene-silent cells (data not shown), so their
location with respect to centromeric heterochromatin was ex-
amined. For cos7 cells, the location of pericentromeric hetero-
chromatin was determined by immunofluorescence with auto-
immune sera against human centromere proteins (Fig. 3A and
K). In transgene-silent cos7 nuclei, 63% of Cy3-VLPs were
found next to this site. In mouse cells, the A/T nucleotide
content of centromeric heterochromatin results in intense
staining with the DNA dye Hoechst 33342, whereas euchro-
matin regions lack staining (39). Therefore, Hoechst 33342 was
used to distinguish the location of Cy3-VLPs in 3T3 cells, as it
allowed the scoring of VLP locations with respect to both
centromeric heterochromatin and euchromatin. In this case,
54% of VLPs were next to centromeric heterochromatin, al-
though some Cy3-VLPs (15%) were also localized to euchro-
matin regions (Fig. 3B and L). By contrast, in transgene-active
cos7 cells treated with Cy3-VLPs carrying pDNA with ori, only
13% of Cy3-VLPs were next to centromeric heterochromatin
(Fig. 3C and K). Similarly, when 3T3 cells were cultured with
TSA, the proportion of Cy3-VLPs that was associated with
centromeric heterochromatin was reduced significantly, from
54% to 27% (Fig. 3D and L). Further, in Hoechst 33342-
stained 3T3 cells, the Cy3-VLPs not only moved away from
centromeric heterochromatin upon the addition of TSA but
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TABLE 3. Number of VLPs delivered per cell nucleus in the absence or presence of viral replication factors or TSA*

Value for:
3T3 cells cos7 cells
Parameter -
ori mutant ori mutant ori mutant ori mutant ori’
without TSA with TSA without TSA with TSA without TSA

(n = 121; silent)”

(n = 123; active)

(n = 78; silent) (n = 31; active) (n = 64; active)

No. of nuclei containing the
following no. of VLPs

0 72 89
1 26 22
2 13 9
3 7 2
4 2 0
5 1 1
6 0 0
7 0 0
8 0 0
% of nuclei with VLPs 40.5 27.6
Avg. no. of VLPs/nucleus® 1.75 1.5

42 10 25
21 8 19
11 4 12

2 3 2

1 3 2

1 3 2

0 0 1

0 0 0

0 0 1
46.2 67.7 60.9

1.58 2.48 2.07

“ Number of Cy3-fluorescent VLPs counted (as described in the legend for Fig. 2) in 3T3 or cos7 cells with VLPs carrying either ori-mutant or ori" pDNA and

incubated with or without TSA.

® The expression status was determined by luciferase assays of parallel cultures and is indicated as active or silent. n, total number of nuclei counted per cell line and

treatment.
¢ Calculated for VLP-positive nuclei only.

also mostly (54%) repositioned to euchromatin regions (Fig.
3D and L).

Sm antigens comprise a family of factors that are involved in
splicing RNA, and their locations are reported to correlate
with sites of transcriptional activity (31, 38, 49). Therefore, the
localization of VLPs was also compared with that of the Sm
antigen by immunofluorescence. Consistent with the results for
staining for centromeric heterochromatin and euchromatin,
VLPs in transgene-silent cells were more frequently localized
in areas of low Sm antigen immunostaining, and in transgene-
active cells, they were mostly in high-Sm-antigen-staining areas
(Fig. 3I and J, respectively). Thus, the repositioning of VLPs
upon activation of transgene expression resulted in transfer
from areas of low to high transcriptional activity.

As cos7 cells express T-ag constitutively, it was not pos-
sible to determine whether incoming VLPs carrying pDNA
with ori initially localized to centromeric heterochromatin
and were then repositioned or whether they were targeted
directly to euchromatin regions. However, for 3T3 cells, which
are transgene silent until TSA is added (Fig. 1B shows an
example of activation by TSA added at 24 h following VLP
treatment; also see Materials and Methods), Cy3-VLPs must
initially localize to centromeric heterochromatin and then be
repositioned to euchromatin regions.

Since the localization of the VLPs to centromeric hetero-
chromatin appeared very specific, we next explored the ques-
tion of which component of VLPs might be responsible by
determining the nuclear location of fluorescent VP1 nano-
spheres in the absence of complexation with pDNA. These
particles entered transgene-silent 3T3 cell nuclei with a fre-
quency similar to that of VLPs (i.e., in 33.3% of treated cells).
However, they did not tend to localize with centromeric het-
erochromatin since in only 11% of the cells were Cy3-VP1
nanospheres found next to these structures compared to 71%
of the cells for VLPs with pDNA. These data indicate that

nuclear positioning depends on the pDNA rather than the VP1
nanospheres.

To summarize these results, the default pathway for VLP-
delivered pDNA results in very efficient transgene silencing
accompanied by pDNA-dependent deposition at the relatively
transcriptionally inactive centromeric heterochromatin. Con-
versely, the activation of expression by viral replication factors
or HDAC inhibition correlates with the repositioning of the
transgenes to the more transcriptionally active euchromatin
regions.

VLPs colocalize with PML-NBs in transgene-active cells.
The addition of T-ag and ori, which activate VLP-mediated
expression, is known to be sufficient to localize the transcrip-
tion of transfected pDNA to PML-NBs (55). Therefore, we
examined whether these viral replication factors localized Cy3-
VLPs to PML-NB:s. In transgene-silent cos7 cells, 35% of Cy3-
VLPs carrying pDNA lacking ori were found next to PML-NBs
(Fig. 3E and M), whereas in 3T3 cells in the absence of both
T-ag and ori, only 7% of Cy3-VLPs were near these structures
(Fig. 3F and N). Conversely, as predicted for cos7 cells in the
presence of both T-ag and ori, the majority of VLPs (66%)
were associated with PML-NBs (Fig. 3G and M). Unexpect-
edly, TSA treatment of 3T3 cells also led to a considerable
increase in Cy3-VLPs next to PML-NBs (from 7 to 42%) (Fig.
3H and N). This was surprising as it is thought that, for SV40,
replication of the viral DNA is required to localize transcrip-
tion to this site (55). Our data, however, show that VLPs per se
have little affinity for PML-NBs but that, when transgene ex-
pression is activated by TSA and VLPs are repositioned to
euchromatin regions, PML-NBs associate with VLPs even in
the absence of SV40 T-ag and ori. Thus, the colocalization of
VLP-delivered transgenes with PML-NBs is a consequence of
transgene expression rather than the presence of specific viral
replication factors.
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FIG. 3. Location of VLPs with respect to centromeric heterochromatin, euchromatin regions, and PML-NBs. (A to J) Location of Cy3-VLPs
relative to centromeric heterochromatin or euchromatin regions or PML-NBs in cos7 cells treated with Cy3-VLPs carrying pDNA without
(transgene silent) (A and E) or with ori (transgene active) (C and G) or in 3T3 cells cultured without (transgene silent) (B and F) or with TSA
(transgene active) (D and H). The top panels show representative overlay images of single confocal sections with nuclear Cy3-VLPs (red;
arrowheads; determined as described in the legend for Fig. 2A) relative to immunostaining for centromeric proteins in cos7 cells (green) with
DAPI-stained nuclei (blue) (A and C) or Hoechst 33342-stained nuclear regions in 3T3 cells (blue) (B and D). The middle panels show
representative overlay images of single confocal sections with nuclear Cy3-VLPs (red; arrowheads) relative to immunostaining for PML protein
(green) with DAPI-stained nuclei (blue) in cos7 cells (E and G) or Hoechst 33342-stained regions (blue) in 3T3 cells (F and H). Note: the signals
for immunostained PML protein in panels E and F are less intense than for those in panels G and H as in the former, PML-NBs are not in the
same sections as the VLPs. The bottom panels show representative overlay images of single confocal section with nuclear Cy3-VLPs (red;
arrowheads) relative to immunostaining for Sm antigen (green)- and Hoechst 33342-stained nuclear regions (blue) in 3T3 cells cultured without
(I) or with (J) TSA. Insets show digital zooms of Cy3-VLPs with corresponding cellular structure. (K through N) Graphical representation of the
percentage of VLPs in each nuclear location in cos7 cells without (—) or with (+) ori or 3T3 cells without or with TSA, with respect to location
next to centromeric heterochromatin or euchromatin regions (red and green bars, respectively, in panel K); centromeric heterochromatin,
euchromatin regions, or intermediate regions (red, green or yellow bars, respectively, in panel L); or away from or next to PML-NBs (red and green
bars, respectively, in panels M and N). Using chi-squared analysis (described in Material and Methods) the observed difference in Cy3-VLP nuclear
location following treatment with TSA or delivery of ori for each panel was statistically significant (K through N) (P < 0.001). Bars, 5 pm (main
panels) and 1 pm (insets).

Association of VLPs with PML-NBs plays a role in posttran-
scriptional events. Since the association of PML-NBs with
VLPs was linked to transgene expression, we asked whether
PML-NBs were necessary for transgene expression. To address
this, mouse embryo fibroblasts from pml/~'~ mice, in which
PML-NBs are disorganized, were treated with VLPs. Under
transgene-silent or transgene-active conditions (induced by

TSA), transgene expression in pm/~/~ mouse fibroblasts was
similar to that of their wild-type counterparts (Fig. 4A). Thus,
the PML protein itself is not required for transgene silencing
or activation.

Next, PML-NBs were transiently disrupted by the over-
expression of a viral gene or cellular promyelocytic leukemia
protein-retinoic acid receptor (RAR) gene fusion product
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FIG. 4. Disruption of PML-NBs does not affect VLP-delivered transgene expression status. (A) Luciferase activity from primary embryo

fibroblasts isolated from wild-type (pml/™'*) or pml~'~ mice that were treated with VLPs or transfected using calcium phosphate precipitate (CaP;)

cultured without (open bars) or with TSA (closed bars). Error bars indicate the standard errors. (B) Top, Luciferase activity from cells (as
indicated) pretransfected with PML-NB-disrupting gene EAORF3 or PML-RAR« or with nondisrupting control gene PLZF-RARa«. Cells were
cultured without or with TSA as indicated or in the presence of viral factors (cos7 ori"). Bottom, PML-NB disruption was confirmed by
immunofluorescence for PML protein (transfected cells are indicated with arrowheads), and overexpression of RARa fusion proteins was
confirmed by immunofluorescence for RARa (data not shown). Bar, 10 um. (C) Fluorescence image of HeLa cells pretransfected with
PML-RARa and then treated with VLPs carrying pDNA encoding the EGFP protein and cultured with TSA. A cell overexpressing PML-RAR«
(red; detected by immunostaining for RARa) and expressing EGFP (green) is indicated by the arrowhead. Cell nuclei were stained with DAPI

(blue). Bar, 20 pm.

(E4ORF3 or PML-RAR«) (Fig. 4B) (9, 62). Approximately
50% of the transiently transfected cells expressed E4ORF3,
PML-RARGa, or a control gene fusion between the promyelo-
cytic leukemia zinc finger protein and retinoic acid receptor
(PLZF-RARa) (32). If PML-NB integrity is required for
transgene silencing, disruption of PML-NBs in 50% of cells
would result in a readily detectable activation of VLP-me-
diated expression. This was not observed (Fig. 4B) and leads
us to conclude that PML-NBs are not involved in regulating
transgene silencing. These experiments also suggest that
PML-NBs do not play a role in transgene activation, al-
though the loss in transgene activation following PML-NB
disruption in 50% of cells would equate to an only twofold
decrease in expression, which may not be reliably detected.
If PML-NB integrity is necessary for transgene activation, it
should not be possible to detect VLP-delivered transgene-
expressing cells with disrupted PML-NBs. Therefore, PML-
RARa- and PLZF-RARa-expressing cells were compared
on an individual basis for VLP-mediated enhanced green
fluorescent protein (EGFP) expression under transgene-ac-
tivating conditions (induced by TSA). EGFP expression was
readily detected in cells transiently expressing PML-RARa
(Fig. 4C). Of the cells that expressed the fusion proteins,
21% of those expressing PML-RARa (i.e., with disrupted
PML-NBs) and 24.5% of those expressing PLZF-RAR« (as
control) also expressed VLP-delivered EGFP transgenes.
These results confirm that the disruption of PML-NBs does not
reduce the potential for transgene activation. Thus, PML-NB
integrity is not necessary for the silencing or activation of VLP-
delivered transgenes.

Cells lacking PML protein are not able to mount a successful
IFN response against viral infection (11, 48). Therefore, the

effect of IFN on VLP-delivered transgene expression was ex-
plored in cells with either intact or disorganized PML-NBs.
First, the sensitivity of VLPs to IFN-a was determined.
Consistent with the virus-like delivery of pDNA to cells by
VLPs (33), treatment of cos7 cells with IFN-« resulted in a
1,000-fold reduction in replication factor-driven transgene
expression. Under similar conditions, the expression from
CaP;-delivered pDNA was reduced less than 10-fold (Fig.
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FIG. 5. PML protein is necessary for inhibition of VLP-mediated
expression by IFN-a. (A) Luciferase activity from cos7 cells that were
treated with VLPs or transfected using CaP; carrying pDNA with ori
cultured without or with IFN-a. (B) Luciferase activity from primary
embryo fibroblasts isolated from wild-type (pml*'*) or pml~'~ mice
that were pretransfected with a control plasmid (pEGFP; open bars) or
pCMVLT2 carrying the polyomavirus large T antigen (pyLT) gene and
then treated with VLPs carrying pDNA with the polyomavirus ori
cultured without (open and gray bars) or with IFN-a (closed bars).
Data are representative examples of at least three independent exper-
iments.
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FIG. 6. Model for a two-phase cellular defense against VLP-delivered pDNA. Hypothetical stages in the response of cells to invasion by foreign
genes are given. The sequence of events is derived from the data presented, with the exception of the order of events for activation and
repositioning of transgenes in the presence of TSA, since it is not known which occurs first. The locations and relative positions of VLP and cellular
components shown are schematic representations derived from fluorescence data. Transgene expression status is based on luciferase assay data.
Inhibition of HDAC activity can attenuate the IFN antiviral pathway (44); therefore, the effect of IFN-a treatment on TSA-mediated transgene

activation has not been determined.

5A). These data show that VLPs activate the IFN-« antiviral
pathways (20) to a level sufficient to sensitize the cells to
exogenously added IFN.

We next asked whether IFN-a would be similarly effective in
pml~'~ cells. Wild-type or pml~'~ mouse cells were pretrans-
fected with the mouse polyomavirus large T antigen (as the
SV40 T-ag is not able to interact efficiently with the mouse
DNA polymerase complex) (42). Cells were then treated with
VLPs carrying pDNA with the polyomavirus ori. In both cell
types, VLP-mediated transgene expression was detected and,
although the levels of expression were low, they were repro-
ducibly higher than the levels for cells that were pretransfected
with a control pDNA (Fig. 5B). If cells were then cultured with
IFN-a, expression was inhibited in the wild-type cells but little

effect was observed in the pml '~ cells. Taken together, these
data show that PML-NBs are not necessary for silencing or
activating VLP-mediated expression but they may play a role in
mediating the IFN antiviral response.

DISCUSSION

In this report, we describe a method for tracking single
VLP-delivered pDNA molecules in cell nuclei. Using this tech-
nique, we have established a model for the earliest events
following entry of foreign DNA delivered by VLPs into a
mammalian cell nucleus (Fig. 6). VLP-delivered transgenes are
immediately silenced following nuclear entry, and this corre-
lates with the initial localization of VLPs to centromeric het-
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erochromatin in a pDNA-dependent manner (transgene silent
I). We suggest that this represents a default cellular defense
pathway for recognizing and inactivating foreign DNA, which
VLPs, lacking the majority of viral components, are unable to
counteract. In the presence of the HDAC inhibitor TSA, the
repositioning of transgene pDNA from centromeric hetero-
chromatin to Sm antigen-rich euchromatin regions and activa-
tion of transcription occur (transgene active). Alternatively, in
the presence of viral factors (T-ag and ori), VLPs are also
localized to Sm antigen-rich regions and transcribe. In both
cases, the activation of expression leads to an association with
PML-NBs which may occur de novo, as has been observed for
HSV-1 (17). Howeyver, rather than being required for regulat-
ing expression per se, we propose that the main function of
PML-NBs’ recruitment is to facilitate a second phase of cellu-
lar defense against viral attack via the IFN-a pathway (trans-
gene silent II).

Association of viral genomes with centromeric heterochro-
matin has not been observed for DNA viruses, but this is likely
to be due to the evolution of viral strategies to overcome this
silencing mechanism. For example, polyomavirus genomes are
assembled into nucleosomes with acetylated histones prior to
packaging into the virion (12, 50). This may provide sufficient
transcriptional activation for the expression of replication fac-
tors that are required to establish infection. Alternatively, fac-
tors packaged in the virion particle, for instance those of the
more complex herpesviruses, may contribute to preventing
deposition at centromeric heterochromatin. It is noteworthy in
this context that an early electron microscopy study observed
the deposition of oncoretroviral genomes at centromeric het-
erochromatin (36).

The presence of specific viral factors or the HDAC inhibitor
TSA can trigger the activation of transcription. The viral factor
that was used in this study, T-ag, is a multifunctional protein,
so distinguishing which functions are relevant in activating
expression is problematic. The fact that HDAC inhibition can
produce a similar switch from transgene silent to transgene
active states suggests that T-ag binding to the HAT p300/CBP
is relevant (58). This could be a direct action on the chromatin-
like structure of the transgenes via histone acetylation, as al-
though the pDNA remains episomal (19) and is bacterial in
origin, it is assembled into nucleosomes within 24 h following
delivery (see Fig. 1F). However, for efficient T-ag-mediated
activation, the pDNA also has to carry ori. These findings
suggest three possible mechanisms for overcoming silencing by
viral factors. First, T-ag binding to ori could recruit activated
p300/CBP to the pDNA, increasing histone acetylation at the
transgene promoter, facilitating recruitment of transcription
factors, or decreasing the activity of corepressor complexes.
Second, T-ag binding to ori could tether the pDNA at, or
transport it to, euchromatin regions. Or, finally, T-ag binding
to ori could initiate pDNA replication, leading to the unwind-
ing of the structure and allowing access to transcription factors.
Regarding this latter point, we found a clear requirement for
both T-ag and ori for transcriptional activation, but also for
active DNA polymerase (data not shown). Slightly higher basal
levels of transgene expression are reproducibly observed in the
presence of T-ag (i.e., in cos7 relative to 3T3 cells with VLPs
carrying pDNA without ori), suggesting that T-ag can potenti-
ate, but is not sufficient for, transgene activation. Thus, our
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data currently point to a model where the predominant event
for activating transgene expression is modification of the chro-
matin structure, induced either by the initiation of pDNA
replication by T-ag/ori or by the acetylation of histones by the
action of TSA. However, we cannot rule out a small but sig-
nificant contribution from the p300/CBP-activating properties
of T-ag. Future experiments will help to resolve this issue and
determine whether changes in the chromatin structure alone or
acetylation of nonhistone proteins are involved in physically
relocating the episomes from one site to another.

In euchromatin regions, VLPs are mostly found associated
with PML-NBs. Although these bodies are found localized to
sites of early transcription and replication for many viruses
(16), this is the first time, to our knowledge, that transcription
from delivered transgenes has been suggested to be the trigger
for association with PML-NBs. The observation that PML-NBs
associate with transcribing genes but are not needed to activate
expression has been made for other viral genomes and chro-
mosomal genes, but it was concluded that viral proteins acted
as PML-NB retention signals (57) or that PML-NBs acted as a
depot for transcription factors (61). Further, in pm/~'~ mouse
cells lacking the PML protein, where the bodies are disorga-
nized, we found no evidence for a requirement for PML pro-
tein. Similar observations have been made for infection by
viruses (11, 56), but these experiments cannot exclude the
possibility that the pml-deficient cells have compensated for
the loss of the gene and have a sub-PML-NB structure that is
functionally equivalent. However, we rule out a need for intact
PML-NB:s for the regulation of VLP-delivered genes, as tran-
sient disruption with viral factors or cellular oncogenes also
had little effect. Thus, these results argue against a pivotal role
for PML-NBs in facilitating viral DNA replication and tran-
scription. Instead, the bodies appear to be involved in defend-
ing the cell from viral attack, as pml~'~ cells can no longer
support inhibition by IFN of VLP-mediated expression. A sim-
ilar need for PML protein has also been demonstrated for the
inhibition of viral replication by type I interferons for a number
of viruses (11, 48). Therefore, since PML-NBs inhibit VLP-
mediated expression by IFN and associate with VLPs in trans-
gene-active cells even in the absence of viral replication fac-
tors, we propose that transcription from the foreign DNA is
the trigger for PML-NBs recruitment, ready for the cells to
mount the IFN response.

In conclusion, we have developed a model to describe the
first interactions of foreign DNA with cellular nuclear archi-
tecture. Our data demonstrate that cells can efficiently assim-
ilate foreign genes, even those encoded on purified bacterially
expressed pDNA episomal molecules, into a form that is not
just assembled into nucleosomes but can be recognized and
silenced by sophisticated epigenetic means. Furthermore, we
show that the pDNA is the major determinant for this epige-
netic regulation. The facts that TSA can increase transgene
expression for a number of nonviral delivery systems (27, 47,
63) and TSA induced a 350-fold increase in transgene expres-
sion from tissue culture cells treated with naked pDNA (un-
published results) most likely reflect that silencing by position-
ing to centromeric heterochromatin is not restricted to VLP
delivery. These findings predict that the inactivation of viral
factors that overcome targeting of their genomes to centro-
meric heterochromatin would provide a viable antiviral strat-
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egy. Further, the localization of pDNA to centromeric hetero-
chromatin may be a primary barrier of transgene expression to
be surmounted if effective gene therapy is to be developed.
Finally, future studies to define factors that are involved in the
repositioning of VLPs will help to advance the understanding
of the mechanisms underlying the chromatin remodeling and
nuclear spatial repositioning of cellular genes.
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