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Abstract
To better understand determinants of susceptibility/resistance of uveal melanomas to herpes simplex
virus type 1 (HSV-1) oncolytic therapy, uveal melanoma cell lines of low (OCM1a) and of high
(M619, MUM2B) invasive potential were infected with HSV-1 either in the presence or absence of
a laminin-rich extracellular matrix (Matrigel). OCM1a cultures were destroyed faster by HSV-1 than
M619 and MUM2B cultures. In the presence of Matrigel, all melanoma cultures demonstrated
delayed destruction by HSV-1 relative to Matrigel-free cultures. As sequestration of chromatin is a
characteristic feature of highly invasive uveal melanomas that is further increased by exposure to
laminin, we explored whether chromatin sequestration could be reversed by HSV-1 infection. HSV-1
infection induced a global reversal of chromatin sequestration in highly invasive uveal melanoma
cells. However, this viral effect was first observed only 2 hours following virus infection and required
novel protein synthesis from input viral DNA. These findings suggest that tumor invasiveness, the
spatial relationship of tumor cells to laminin and chromatin sequestration are determinants of
susceptibility/resistance of melanomas to HSV-1 oncolytic therapy. Furthermore, these findings
indicate for the first time that HSV-1 infection is associated with global exposure of normally highly
sequestered cellular DNA in malignant cells.

Keywords
uveal melanoma; herpes simplex virus; extracellular matrix; laminin; oncolytic therapy; chromatin
sequestration; chromatin exposure

Introduction
Melanomas involving the skin and other organs, including uveal melanomas remain a
significant cause of morbidity and mortality (Namkoong et al, 2006;Woll et al, 1999).
Therefore, much work has been focused on finding novel approaches for the treatment of these
tumors.
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Oncolytic therapy with herpes simplex virus type 1 (HSV-1) is a promising novel approach to
treat several human malignancies including melanomas (Latchman, 1997; Randazzo et al,
1995,1997;Shen and Nemuniatis, 2006;Varghese and Rabkin, 2002). This treatment involves
the inoculation of genetically modified, replication-competent HSV-1 strains into melanomas
leading to HSV-1 infection and destruction of melanoma cells without significant virus
replication in and destruction of normal cells (Latchman, 2005;MacKie et al. 2001;Randazzo
et al, 1995,1997;Shen and Nemunaitis 2006;Varghese and Rabkin 2002). Studies also indicate
that the effectiveness of oncolytic HSV-1 therapy is dependent upon virus replication in tumor
cells and is augmented by host antiviral and infection-induced anti-tumor immune responses
(Miller and Fraser, 2003;Randazzo et al, 1997;Toda et al. 1999). Treatment efficacy can be
compromised by incomplete delivery of virus to all tumor cells and can be improved by
degradation of fibrillar collagen in tumor (McKie et al. 2006).

In spite of significant progress, several aspects of HSV-1 melanoma treatment are incompletely
understood. For example, it is not known whether melanomas of different invasive potential
differ in their susceptibility to HSV-1-mediated destruction. Although HSV-1 infects and
replicates in most cell types, there are striking differences in the extent of virus replication
among cell types (Roizman and Knipe, 2001). These differences in susceptibility are often not
completely understood but are thought to be due to differences in the expression of cellular
proteins that can positively or negatively influence the viral replication process including
among others cellular receptors for viral entry and cellular transcription factors that can regulate
the expression of viral genes. As significant differences in gene expression exist between uveal
melanoma cells of low and high invasive potential (Folberg et al, 2006,Maniotis et al, 2005),
it is possible that uveal melanomas of different invasiveness differ in their susceptibility to
HSV-1 replication.

Studies also indicate that the extracellular matrix (ECM) environment is a critically important
determinant of the gene expression profile and morphology of uveal melanomas in vivo and
of uveal melanoma cultures in vitro (Folberg et al, 2000,2006;Maniotis et al, 1999,2005).
Association of highly invasive uveal melanoma cells with a laminin-rich ECM environment
in vivo and in vitro and the consequent formation of vasculogenic mimicry patterns is
paradoxically associated both with increased mortality and with the expression of phenotypic
and biochemical features of indolence among cells in direct contact with the laminin-rich
vasculogenic mimicry patterns (Folberg et al, 2006). These observations raise the possibility
that the susceptibility of uveal melanomas to HSV-1 replication is dependent on the presence
of a laminin-rich ECM.

Highly invasive cancer cells feature increased sequestration of cellular chromatin and this may
affect their susceptibility to HSV-1 replication. DNA in cancer cells is tightly packaged in
protein complexes that contain disulfide bonds, making it highly resistant to digestion by
restriction enzymes (Maniotis et al, 2005). Detergent extraction assays, cell smear assays, flow
cytometry and touch preparations, and isolated chromosome sets all demonstrate that the more
invasive the cancer, the greater its DNA is protected from restriction enzyme cleavage
(Maniotis et al, 2005). The sequestration of DNA as a specific physical marker for malignancy,
as opposed to other disease or normal states, has been proposed as a novel method for cancer
detection (Maniotis et al, 2005;Stein, 2005). Sequestered genes in cancer may represent
specific differentiation genes (Kryostek and Puck, 1990).

HSV-1 infection of cells is associated with dramatic changes in cellular physiology and
morphology and many of these changes are required for the progression and completion of the
HSV-1 replication cycle (reviewed in Roizman and Pellet, 2001;Roizman and Knipe,
2001;Valyi-Nagy et al, 2006). It is possible that sequestration of cellular chromatin represents
a cellular condition unfavorable for the progression of viral replication. Currently it is not
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known whether HSV-1 infection alters the pattern of cellular chromatin sequestration in uveal
melanomas.

Identification of cellular determinants of susceptibility/resistance of melanomas to HSV-1
replication is important for the development of effective HSV-1 oncolytic melanoma therapy.
Therefore, in the experiments reported here were designed to find answers to three interrelated
questions: (1) Does the susceptibility of uveal melanoma cultures to HSV-1-mediated
destruction vary with differences in tumor cell invasiveness, (2) Does the susceptibility of
tumor cells to HSV-1 vary between microenvironments deficient or enhanced with laminin,
and (3) What is the effect of HSV-1 on chromatin sequestration in tumor cells? We found that
uveal melanoma cells of low invasive potential are more susceptible to HSV-1-mediated
destruction than uveal melanoma cells of high invasive potential. Furthermore, we show that
in the presence of laminin-rich ECM, uveal melanoma cultures demonstrate delayed
destruction by HSV-1 relative to cultures deficient in laminin. We also report that HSV-1
infection induces a reversal of cellular chromatin sequestration in highly invasive MUM2B
cells.

Materials and Methods
Cells

Uveal melanoma cells of low (OCM1a) and high (M619 and MUM2B) invasive potential were
maintained in Eagle’s Minimal Essential Medium (EMEM, BioWhittaker Inc., Walkersville,
MD) supplemented with heat inactivated 15% fetal bovine serum (Fisher, Ontario, Canada)
without the addition of exogenous extracellular matrix molecules or growth factors. The
characteristics of these cell lines have been described in detail previously (Maniotis et al,
1999,2005). Melanoma cells used for HSV-related experiments were grown on six well plates
in EMEM medium either in the presence or in the absence of extracellular matrix rich in laminin
(Matrigel, BD Biosciences, Bedford, MA). Matrigel was poured onto tissue culture plates to
a depth of approximately 0.2 mm followed by polymerization for 1 hour at 37° C before
addition of melanoma cells.

Viruses
HSV-1 strain F was a generous gift of Dr. B. He (University of Illinois at Chicago). HSV-2
strain 333 was obtained from Dr. Deepak Shukla (University of Illinois at Chicago). Virus
inactivation by heat and by ultraviolet (UV) light was performed as previously described
(Valyi-Nagy et al, 1991).

Determination of susceptibility of uveal melanoma cultures to HSV-1-mediated destruction
Uveal melanoma cells were grown on 6-well tissue culture plates in the presence or absence
of Matrigel. Cell numbers per well were then counted. Cells in some wells were left untreated
and were further incubated (untreated controls) while the tissue culture medium was removed
from other wells and the cells were exposed at 37° C to one of the following inocula: (i) 0.5
ml of sterile PBS (mock infection); (ii) HSV-1 (strain F) with a calculated multiplicity of
infection (MOI) ranging from 0.00001 plaque forming units (PFU) per cell to 10 PFU/cell
diluted in PBS to a final volume of 0.5 ml. After incubation for 2 hours, the original inocula
were removed and fresh tissue culture medium (3 ml) was added to each well and further
incubated in repeatedly refreshed culture medium for up to 2 weeks. During this 2-week period,
cultures were observed daily under an inverted light microscope (Leica, Bannockburn, IL) for
evidence of viral cytopathic effects and the day when at least 95% of the melanoma cells were
destroyed was noted. Cell death was confirmed by the uptake of the charged cationic dye
Trypan blue (0.2%) by more than 95% of residual cells following incubation of cultures with
Trypan blue (0.2%) for 10 minutes at 37 °C. 0.5 ml of medium from virus inoculated cultures
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demonstrating at least 95% destruction was removed and was used to infect Vero cell cultures
with known susceptibility to productive HSV-1 infection to confirm the presence of infectious
virus in the cultures. Photographs were taken of the cultures before HSV-1 inoculation and at
selected times after HSV-1 inoculation. Experiments were performed in duplicates and were
repeated at least three times.

Cell smear assay to determine the effect of HSV-1 infection on chromatin sequestration in
uveal melanoma cells

Uveal melanoma cells of low (OCM1a) and high (MUM2B) invasive potential were grown to
approximately 70% confluency on 6-well tissue culture plates in the absence of Matrigel. Cell
numbers per well were then counted. OCM1a and MUM2B cells in some wells were then left
untreated while the tissue culture medium was removed from OCM1a and MUM2B cells in
other wells and the cells were exposed at 37 °C to one of the following inocula: (i) 0.5 ml of
sterile PBS (mock infection); (ii) HSV-1 (strain F) with a calculated MOI ranging from 0.1
PFU/cell to 10 PFU/cell diluted in PBS to a final volume of 0.5 ml (HSV-1 infection); (iii)
HSV-2 (strain 333) with a calculated MOI ranging from 0.1 PFU/cell to 10 PFU/cell diluted
in PBS to a final volume of 0.5 ml (HSV-2 infection). Untreated OCM1a and MUM2B cells
and OCM1a and MUM2B cells exposed to HSV-1, HSV-2 or mock infection for selected times
(5 minutes, 1, 2, or 3 hours), were washed twice in PBS and were then mechanically dislodged
from the wells, pelleted and resuspended in 1X PBS. A drop containing 15 ul of the cell
suspension was then placed on a glass slide. The drops were allowed to evaporate over 30
minutes to 1 hour at room temperature. Alu I restriction enzyme (Promega) (0.5 ul in 40 ul of
DMEM) was applied to the dried cells, and the preparation was placed in a humidified 37° C
chamber to optimize enzyme activity and minimize enzyme evaporation. Endonuclease
digestions were terminated at pre-selected time points (30 minutes and hourly increments
thereafter up to 24 hours) with ethidium bromide (Sigma; 100 ng/ml) and chromatin digestion
was visualized using an inverted fluorescence microscope (Leica, Bannockburn, IL). The
preparations were photographed immediately and scored qualitatively as follows: (i) nuclei in
which no fluorescence was detected except for nucleoli were scored as digested nuclei; (ii)
nuclei in which non-nucleolar nuclear and nucleolar fluorescence was detected was scored as
undigested.

Results
Tumor invasiveness and the presence of laminin-rich ECM (Matrigel) determine the
susceptibility uveal melanoma cultures to HSV-1-mediated destruction

In our first series of experiments, we compared the HSV-1-mediated destruction of uveal
melanoma cells of low (OCM1a) and high (M619, MUM2B) invasive potential in the presence
and absence of laminin-rich ECM (Matrigel). In the absence of Matrigel, all cell lines (OCM1a,
M619, MUM2B) grew in monolayers (Fig. 1.A, C, E). In the presence of Matrigel, all cell lines
(OCM1a, M619, MUM2B) developed three dimensional structures: highly invasive (M619,
MUM2B) melanoma cells formed vasculogenic mimicry patterns (Fig. 1. D, F) while OCM1a
cells of low invasive potential grew in aggregates (Fig. 1. B). The morphologic appearance of
vasculogenic mimicry patterns formed by highly invasive (M619, MUM2B) melanoma cells
in culture upon exposure to Matrigel was similar to the vasculogenic mimicry patterns that can
be observed in histologic sections of invasive human uveal melanomas (Folberg et al,
2000;Maniotis et al, 1999). No such patterns are present in histologic sections of non-invasive
human uveal melanomas (Folberg et al, 2000;Maniotis et al, 1999). HSV-1 inoculation was
performed once the formation of vasculogenic mimicry patterns and cell aggregates was
observed. Cells in some wells were left untreated and were further incubated in the original
media (untreated controls) while the tissue culture medium was removed from other wells and
the cells were exposed to one of the following inocula: (i) 0.5 ml of sterile PBS (mock
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infection); (ii) HSV-1 (strain F) with a calculated multiplicity of infection (MOI) of 10 PFU/
cell diluted in PBS to a final volume of 0.5 ml; and (iii) HSV-2 (strain 333) with a calculated
MOI of 10 PFU/cell.

We found that OCM1a cultures were destroyed by HSV-1 faster than M619 and MUM2B
cultures (Table 1.). In the absence of Matrigel, OCM1a cultures were destroyed by 2 days,
while MUM2B and M619 cultures were destroyed by 4 days (Table 1.). In the presence of
Matrigel, OCM1a cultures were destroyed by 3 days, while MUM2B and M619 cultures were
destroyed by 6 days (Table 1). Identical results were achieved with HSV-2 (data not shown).

Untreated and mock infected cultures showed no cytopathic effects and demonstrated normal
growth and morphology for 14 days. Portions of 0.5 ml of medium were removed from HSV-1
or HSV-2 inoculated cultures demonstrating at least 95% destruction and were used to infect
Vero cell cultures with known susceptibility to productive HSV infection. These studies
confirmed the production of infectious HSV-1 and HSV-2 in uveal melanoma cultures.

To determine whether the susceptibility of uveal melanoma cells to HSV-1 is dependant of
viral MOI, we compared the destruction of melanoma cell cultures of low (OCM1a) and high
(MUM2B) invasive potential following infection with a wide range of HSV-1 doses. OCM1a
and MUM2B cells for these experiments were cultured without Matrigel. Cells in some wells
were left untreated and were further incubated (untreated controls) while the tissue culture
medium was removed from other wells and the cells were exposed either HSV-1 strain F at a
calculated MOI ranging from 0.00001 PFU/per cell to 10 PFU/cell or to sterile PBS (mock
infection). After incubation for 2 hours, the original inocula were removed and fresh tissue
culture medium (3 ml) was added to each well and further incubated in repeatedly refreshed
culture medium for up to 2 weeks. We again noted that highly invasive MUM2B cells were
more resistant to HSV-1-mediated destruction than OCM1a cells that are of low invasive
potential (Table 2.). At the highest used HSV-1 inoculum at MOI=10, OCM1a cultures were
destroyed by 2 days, while MUM2B cultures were destroyed by 4 days (Table 2.). At MOI=1,
OCM1a cultures were destroyed by 3 days, while MUM2B cultures were destroyed by 5 days
(Table 2., Fig. 2.). At lower HSV-1 inocula, the detected differences were larger. At the lowest
virus dose used (MOI=0.00001), OCM1a cultures were destroyed by 7 days, while MUM2B
cultures were destroyed by 14 days (Table 2.). Untreated and mock infected cultures showed
no cytopathic effects and demonstrated normal growth and morphology for 14 days. Portions
of 0.5 of medium were removed from HSV-1 inoculated cultures demonstrating at least 95%
destruction and were used to infect Vero cell cultures with known susceptibility to productive
HSV-1 infection. These studies confirmed the production of infectious HSV-1 in uveal
melanoma cultures.

These experiments suggest that uveal melanoma cells of low invasive potential are more
susceptible to HSV-1-mediated destruction than uveal melanoma cells of high invasive
potential. Differences in susceptibility are most pronounced at low MOI. Furthermore, these
observations indicate that in the presence of Matrigel, uveal melanoma cultures demonstrate
delayed destruction by HSV-1 relative to Matrigel-free cultures with vasculogenic mimicry-
forming highly invasive melanoma cultures showing particularly decreased susceptibility to
HSV-1.

Reversal (exposure) of cellular chromatin sequestration in highly invasive MUM2B cells
following HSV-1and HSV-2 infection

To determine whether HSV-1 and/or HSV-2 infection affects cellular chromatin organization
in highly invasive uveal melanoma cells, cell smears were prepared from cultures of uninfected
uveal melanoma cells of low (OCM1a) and high (MUM2B) invasive potential and from
MUM2B cells that were previously exposed for various times to either HSV-1 or HSV-2 (at a
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MOI ranging from 0.1 to 10 PFU/cell) or to sterile PBS (mock infection). Cell smears were
then exposed to Alu I as described previously (Maniotis et al, 2005).

As expected based on our previous observations (Maniotis et al, 2005), nuclei of MUM2B cells
in the uninfected control cultures demonstrated increased resistance to Alu I digestion relative
to untreated OCM1a cells. Specifically, digested nuclei were observed in OCM1a smears after
as short as 2 hours of Alu I digestion with essentially complete digestion of all nuclei by 12
hours of Alu I exposure (data not shown). In contrast, MUM2B cell smears essentially did not
show any digestion until 12 hours and Alu I digestion was typically not complete even after
24 hours of Alu I exposure (data not shown). We also found that Alu I-sensitive sites remained
sequestered in MUM2B cells exposed to HSV-1 or HSV-2 for 5 minutes or to 1 hour similarly
to mock infected and uninfected, untreated cells. In sharp contrast, 2 hours exposure to Alu I
was sufficient to cause complete digestion of many cells in MUM2B cultures that were
previously exposed to HSV-1 or HSV-2 for 2 or 3 hours (Figs 3 and 4). This virus effect was
particularly striking in MUM2B cultures inoculated with HSV-1 or HSV-2 at a MOI of 1 or
10 as infection in these cultures lead to chromatin exposure in nearly all cells present (Figs. 3.
and 4.). The number of MUM2B cells demonstrating exposure of Alu I-sensitive sites following
HSV-1 or HSV-2 inoculation at 0.1 MOI was significantly lower and involved less than 10%
of cells (Fig. 3). Exposure to sterile PBS and exposure of cells to heat- or UV-inactivated
HSV-1 for 2 or 3 hours did not lead to exposure of AluI-sensitive sites relative to untreated
cultures (Fig. 5) indicating that viral protein synthesis from input viral DNA is required for the
reversal of chromatin sequestration and that virion-cell interactions are not sufficient for this
effect.

These findings indicate that HSV-1 and HSV-2 infection lead to reversal of chromatin
sequestration in highly invasive uveal melanoma cells and that this reversal requires at least 2
hours following virus inoculation.

Discussion
We report here for the first time that uveal melanoma cells of low invasive potential are more
susceptible to HSV-1-mediated destruction in vitro than uveal melanoma cells of high invasive
potential. Furthermore, we show that in the presence of laminin-rich ECM (Matrigel), uveal
melanoma cultures demonstrate delayed destruction by HSV-1 relative to Matrigel-free
cultures. We also report novel observations indicating that HSV-1 and HSV-2 infection induce
a reversal of cellular chromatin sequestration in highly invasive MUM2B cells.

These findings suggest that the efficacy of oncolytic HSV-1 melanoma therapy depends on
tumor invasiveness and thus suggest that viral doses used for melanoma therapy need to be
adjusted according to the invasiveness of the treated tumor. Our findings also suggest that the
efficacy of oncolytic HSV-1 melanoma therapy depends on the relationship of tumor cells with
laminin. A previous study has found that the effectiveness of oncolytic HSV-1 therapy is
dependant on the ECM environment (McKie et al 2006). This study reported that the efficacy
of HSV-1 therapy can be improved by degradation of fibrillar collagen in tumors and the
improved therapeutic efficacy was attributed to improved delivery of virus to tumor cells
(McKie et al 2006). Our current study suggests that the ECM environment can affect the
efficacy of HSV-1 oncolytic therapy not only by this indirect way of blocking virus access to
tumor cells but also directly through modulating tumor cell susceptibility to virus replication.
Our findings also suggest that anti-laminin treatment prior to HSV-1 therapy may increase the
efficiency of HSV-1 oncolytic melanoma therapy.

Highly invasive uveal melanoma cell lines demonstrate increased chromatin sequestration
relative to uveal melanoma cell lines of low invasive potential (Maniotis et al, 2005) raising
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the possibility that increased chromatin sequestration is a cause of the decreased susceptibility
of highly invasive uveal melanoma cells to HSV-1-mediated destruction. Our findings indicate
that exposure of highly invasive MUM2B cells to HSV-1 leads to a complete reversal of cellular
chromatin sequestration. However, this viral effect requires at least 2 hours and is dependent
on protein synthesis from input viral DNA. These findings suggest that increased chromatin
sequestration may indeed contribute to the decreased susceptibility of highly invasive uveal
melanoma cells to HSV-1. Our findings also indicate that a reversal of chromatin sequestration
in invasive melanoma cells also occurs after HSV-2 infection and thus this viral effect likely
represents a general cytopathic effect of HSV infection in malignant tumor cells. In addition
to the potential significance of these observations to a better understanding of mechanisms of
tumor resistance to HSV oncolytic therapy, the observed effect of HSV on chromatin
organization in malignant tumor cells is novel and very interesting.

It has been long known that active genes in normal cells are preferentially digested by DNase-
I (Weintraub and Goudine, 1976). DNA in malignant neoplastic cells is tightly packaged
(sequestered), making it highly resistant to digestion by restriction enzymes (Maniotis et al,
2005). It is also known that during the process of reverse transformation when malignant cells
are restored to a normal phenotype by exposure to cyclic AMP derivates, a succession of
metabolic changes occurs varying from early alterations in calcium dynamics and changes in
cytoskeletal structures to subsequent chromatin exposure associated with an increase in DNA
sensitivity to enzyme digestion (Hsie and Puck, 1971; Kryostek and Puck, 1990; Puck et al,
1990). In malignant uveal melanoma cells, Alu I-sensitive sites become profoundly sequestered
when cells are incubated with laminin (Matrigel) or a circular RGD peptide (RGD-C), but
become exposed when cells are exposed to serum or collagen I (Maniotis et al, 2005).

The mechanisms by which extracellular signals induce changes in Alu I binding site
sequestration and exposure appear to depend on the cytoskeleton. For instance, disruption of
actin leads to exposure, while disruption of microtubules results in increased sequestration of
Alu I binding sites (Maniotis et al, 2005). The mechanism(s) by which HSV-1 infection leads
to the reversal of chromatin sequestration is unknown at this point. Our finding that inoculation
of melanoma cells with heat- or UV-inactivated virus did not lead to exposure of Alu I-sensitive
sites relative to untreated cultures indicate that (i) the detected chromatin changes were caused
by virus and not by media components, and (ii) viral protein synthesis from input viral DNA
is required for reversal of chromatin sequestration and that virion-cell interactions are not
sufficient for this effect.

HSV-1 infection-induced nuclear changes are well documented (reviewed in Simpson-Holey
et al, 2005). Following HSV-1 infection, replication compartments form and host chromatin
is eventually marginalized. Chromatin is later dispersed, and virus replication compartments
reach the nuclear edge. The nuclear lamina is disrupted and there is nuclear expansion
detectable from 8 to 24 hours after virus inoculation (Simpson-Holey et al, 2005). It is notable
that these nuclear changes occur later than 2 hours after virus inoculation and thus later than
chromatin exposure reported in this study. HSV-1 and HSV-2 infection can induce chromatid
and chromosome breaks and uncoiling of the centromeres of some chromosomes as early as
2–3 hours post infection (reviewed by Fortunato and Spector, 2003), however, global reversal
of chromatin sequestration following HSV infection observed in our current study has not been
reported.

There are multiple known mechanisms by which HSV-1 infection interferes with cellular
metabolism and alters cellular including nuclear morphology (reviewed in Roizman and Pellet,
2001;Roizman and Knipe, 2001;Valyi-Nagy et al, 2006). Known effects of HSV infection
include among others shutoff of cellular macromolecular synthesis, degradation of cellular
RNA, inhibition of splicing of messenger RNA, selective degradation or stabilization of
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cellular proteins and interference with the cell cycle machinery with induction of cell cycle
block in either G1 or G2 (reviewed in Roizman and Pellet, 2001;Roizman and Knipe,
2001;Valyi-Nagy et al, 2006). HSV infection leads to an up-regulation of various cellular
transcription factors, stress response genes, cell cycle regulatory genes and genes involved in
apoptotic pathways (Hobbs and DeLuca, 1999;Khodarev et al, 1999;Stingley et al,
2000;Taddeo et al, 2002;Valyi-Nagy et al, 1991). Interaction of HSV with the cellular apoptotic
machinery is complex and involves both proapoptotic and anti-apoptotic viral effects. HSV
has multiple antiapoptotic genes and the inhibition of apoptosis is thought to be beneficial for
HSV because it requires the environment of a living cell to replicate (reviewed in Roizman
and Knipe, 2001).

Perhaps most relevant to the observed virus-induced reversal of cellular chromatin
sequestration are previously described HSV-induced changes in the cellular cytoskeleton and
viral mechanisms that block silencing of HSV-1 genes in infected cells. Shortly after HSV
infection, microtubules at the junction with the plasma membrane become disrupted, and more
extensive rearrangements of the microtubular network occur later during the infection
(Roizman and Knipe, 2001;Ward et al, 1998). HSV-1 infection is also associated with the
reorganization of microfilaments, actin and myosin (Bedows et al, 1983;Winkler et al, 1982).
The US3 gene product of HSV is a serine/threonine protein kinase that during HSV-2 infection
mediates the disruption of actin filaments (Maruta et al, 2000).

Cellular reactions to infection that HSV needs to overcome include silencing of viral DNA by
the complex formed by CoRest/REST and histone deacetylases (HDAC) 1 and 2. Early in
infection, viral DNA and the immediate early (IE) viral protein ICP0 colocalize with nuclear
structures known as nuclear domain (ND) 10 (Everett and Maul, 1994;Maul and Everett,
1994;Maul et al, 1993). This colocalization appears to serve two objectives (Gu et al,
2005;Roizman et al, 2005). The first objective, particularly important during infections at low
multiplicities, is to dissociate HDACs 1 and 2 from the CoRest/REST repressor complex and
thereby to block silencing of post-IE HSV gene expression (24). The second objective is to
disperse ND10 components (Everett and Maul, 1994;Everett and Murray, 2005;Maul and
Everett, 1994;Maul et al, 1993) and degrade the promyelocytic leukemia protein (PML) that
is responsible for the organization of ND10 and thereby to block the IFN-mediated host
response to infection.

The mechanism(s) by which HSV-1 infection leads to a reversal of cellular chromatin
sequestration and how this viral effect is related to already described virus-induced changes
are not known and clearly further detailed studies are indicated to define these mechanisms.
There are numerous genetically defined HSV-1 strains available deficient in specific virus
genes and the use of these mutants will help in future studies to define the molecular
mechanisms of HSV-1-induced cellular chromatin desequestration (exposure). These future
studies may provide important information on the molecular level about changes in chromatin
structure in neoplastic and viral diseases.

In summary, findings reported here provide potentially useful practical information concerning
HSV-1-based melanoma therapy. Furthermore, these findings represent the first report of
global reversion of cellular chromatin sequestration in malignant cells following virus
infection.
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Fig 1.
Morphologic appearance of non-invasive and invasive uveal melanoma cells cultured in the
presence or absence of laminin-rich extracellular matrix (Matrigel). OCM1a uveal melanoma
cell line of low invasive potential cultured in the absence (A) or in the presence (B) of Matrigel.
Highly invasive M619 uveal melanoma cells cultured in the absence (C) or in the presence (D)
of Matrigel. Highly invasive MUM2B uveal melanoma cells cultured in the absence (E) or in
the presence (F) of Matrigel. Note the presence of prominent vasculogenic mimicry patterns
in panels D and F.
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Fig 2.
Morphology of mock infected and HSV-1 infected OCM1a and MUM2B melanoma cells.
OCM1a and MUM2B cells were grown to approximately 70% confluency on 6-well tissue
culture plates and were either exposed to 0.5 ml of sterile PBS (mock infection) or to HSV-1
diluted in PBS at a MOI=1. After incubation for 2 hours, the original inocula were removed
and fresh tissue culture medium was added to each well and cultures were further incubated
for times as indicated below when photographs were taken using an inverted light microscope.
A. OCM1a culture 3 days after mock infection, B. OCM1a culture 3 days after HSV-1 infection,
C. OCM1a culture 3 days after HSV-1 infection and following incubation of cultures with
Trypan blue (0.2%) for 10 minutes, D. MUM2B culture 5 days after mock infection, E.
MUM2B culture 5 days after HSV-1 infection, F. MUM2B culture 5 days after HSV-1 infection
and following incubation of cultures with Trypan blue (0.2%) for 10 minutes.
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Fig 3.
Reversal of chromatin sequestration in MUM2B melanoma cells following HSV-1 inoculation.
MUM-2 cells were grown to approximately 70% confluency on 6-well tissue culture plates.
The tissue culture medium was then removed from the wells and the cells were exposed at 37°
C to either 0.5 ml of sterile PBS (mock infection)(A) or to HSV-1 diluted in PBS to a final
volume of 0.5 ml and a calculated MOI of 0.1 (B), 1 (C), or 10 (D) PFU/cell. After incubation
for 2 hours, cells were washed twice in PBS and were then mechanically dislodged from the
wells, pelleted and resuspended in 1X PBS. A drop containing 15 ul of the cell suspension was
then placed on a glass slide. The drops were allowed to evaporate over a 1-hour period at room
temperature. Alu I restriction enzyme (Promega) (0.5 ul in 40 ul of DMEM) was applied to the
dried cells, and the preparation was placed in a humidified 37° C chamber for 2 hours when
ethidium bromide was added to terminate the digestion and the preparation was photographed
immediately using an inverted fluorescence microscope. Arrows in 0.1 MOI picture (B) point
to the nuclei of cells that demonstrate chromatin exposure, whereas, the arrows in the 1.0 MOI
(C) and the 10 MOI (D) cultures point to residual cells whose chromatin demonstrates
chromatin sequestration.
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Fig 4.
Reversal of chromatin sequestration in MUM2B melanoma cells following HSV-2 inoculation.
MUM-2 cells were grown to approximately 70% confluency on 6-well tissue culture plates.
The tissue culture medium was then removed from the wells and the cells were exposed at 37°
C to either 0.5 ml of sterile PBS (mock infection, B) or to HSV-2 diluted in PBS to a final
volume of 0.5 ml and a MOI of 1 PFU/cell (C). After incubation for 2 hours, cells were washed
twice in PBS and were then mechanically dislodged from the wells, pelleted and resuspended
in 1X PBS. A drop containing 15 ul of the cell suspension was then placed on a glass slide.
The drops were allowed to evaporate over a 1-hour period at room temperature. Alu I restriction
enzyme (Promega) (0.5 ul in 40 ul of DMEM) was applied to the dried cells, and the preparation
was placed in a humidified 37° C chamber for 2 hours when ethidium bromide was added to
terminate the digestion and the preparation was photographed immediately using an inverted
fluorescence microscope. Panel A shows the appearance of tumor cells without treatment
(mock or HSV-2 infection) and without Alu I digestion.
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Fig 5.
Heat- or UV inactivated HSV-1 fails to affect chromatin exposure to Alu I digestion in highly
invasive uveal melanoma cells. MUM2B cells were grown to approximately 70% confluency
on 6-well tissue culture plates. The tissue culture medium was then removed from the wells
and the cells were exposed at 37° C to either 0.5 ml of sterile PBS (mock infection)(A) or to
HSV-1 diluted in PBS to a final volume of 0.5 ml and a MOI of 10 (B) or to UV (C) or heat-
inactivated (D) HSV-1. After incubation for 3 hours, cells were washed twice in PBS and were
then mechanically dislodged from the wells, pelleted and resuspended in 1X PBS. A drop
containing 15 ul of the cell suspension was then placed on a glass slide. The drops were allowed
to evaporate over a one-hour period at room temperature. Alu I restriction enzyme (0.5 ul in
40 ul of DMEM) was applied to the dried cells, and the preparation was placed in a humidified
37° C chamber for 2 hours when ethidium bromide was added to terminate the digestion and
the preparation was photographed immediately using an inverted fluorescence microscope.
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Table 1
Elapsed time (days) from inoculation of HSV-1 (MOI=10 PFU per cell) to at least 95% destruction of uveal
melanoma cultures of low (OCM1a) and high (M619, MUM2B) invasive potential in the presence or absence of
Matrigel

Uveal melanoma cell line Matrigel used Day of 95% destruction
OCM1a No 2

Yes 3
M619 No 4

Yes 6
MUM2B No 4

Yes 6
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Table 2
Elapsed time (days) from inoculation of various doses of HSV-1 to at least 95% destruction of uveal melanoma
cultures of low (OCM1a) and high (MUM2B) invasive potential in the absence of Matrigel

HSV-1 inoculum dose (MOI) OCM1a (day of 95% destruction) MUM2B (day of 95% destruction)
10 2 4
1 3 5

0.1 3 7
0.01 5 7
0.001 5 14
0.0001 5 14
0.00001 7 14
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